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To reduce the emissions of carbon dioxide (CO2) into the atmosphere, it is proposed to inject anthro-
pogenic CO2 into deep geological formations. Deep un-mineable coalbeds are considered to be possible
CO2 repositories because coal is able to adsorb a large amount of CO2 inside its microporous structure.
However, the response of coalbeds is complex because of coupled ﬂow and mechanical processes. In-
jection of CO2 causes coal to swell, which leads to reductions in permeability and hence makes injection
more difﬁcult, and at the same time leads to changes in the mechanical properties which can affect the
stress state in the coal and overlying strata. The mechanical properties of coal under storage conditions
are of importance when assessing the integrity and safety of the storage scheme. On the other hand, the
geomechanical response of coalbed will also inﬂuence the reservoir performance of coalbed. This paper
provides an overview of processes associated with coalbed geosequestration of CO2 while the importance
of geomechanical characteristics of coalbeds is highlighted. The most recent ﬁndings about the in-
teractions between gas transport and geomechanical characteristics of coal will be discussed and the
essence will be delivered. The author suggests areas for future research efforts to further improve the
understanding of enhanced coalbed methane (ECBM) and coalbed geosequestration of CO2.
 2016 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
1.1. Global warming and carbon sequestration
Global warming is the average increase in temperature of the
atmosphere, which can lead to changes in global climate patterns.
This is primarily caused by increases in greenhouse gases in the
Earth’s atmosphere. Changes in climate patterns mean that extreme
weather events such as heat waves, ﬂoods, storms, droughts and
bushﬁres will become more frequent, more widespread or more
intense (Hansen et al., 1981; Dai, 2011). Lashof and Ahuja (1990)
reported that 57%e72% of the greenhouse gas effect on global
warming is due to the CO2 emissions. The increase in the global
surface temperature over 50 years from 1956 to 2005 is 0.13 C per
decade and eleven of the twelve years between 1995 and 2006 rank
among the twelvewarmest years since 1850 (Pachauri andReisinger,
2005). The Kyoto Protocol is an international agreement that has
been ratiﬁed by 178 countries, committed to speciﬁc emissionf Rock and Soil Mechanics,
ics, Chinese Academy of Sci-
hts reserved.targets. However, it is believed that the Protocol failed to meet its
goals during its ﬁrst commitment period, as there was no noticeable
impact on global emissions (Helm, 2012). Most European countries
have been successful in reducing their emissions while the others
have failed to reach their designated targets.
In order to reach the emission targets, scientists have suggested
several ways to decrease the amount of greenhouse gas emissions.
Carbon dioxide (CO2) capture and storage (CCS) is considered as one
of the options for reducing atmospheric emissions of CO2 from hu-
man activities (IPCC, 2005). Different formationsmaybeused for CO2
storage as illustrated in Fig.1. CO2 can be injected into depleted oil or
gas reservoirs (option 1), or it can be used to enhance the production
of oil or gas from an active hydrocarbon reservoir (option 2), or it can
be injected into deep saline aquifers to reside in the aqueous envi-
ronment (option 3). Alternatively, it can be injected into deep coal
seams to enhance theproductionofmethane (option 5).WhenCO2 is
used for enhanced oil or gas recovery or enhanced coalbed methane
(ECBM) recovery, theproducedhydrocarbons contribute to offset the
CCS cost. The estimated capacities of CO2 storage for geological
storage options are listed in Table 1 (IPCC, 2005).1.2. Coalbed geosequestration
1.2.1. Techno-economic advantages of coalbed sequestration
Coalbeds are interesting because they have naturally stored
methane which can be displaced by injecting CO2 and can help to
2 Use of CO
5 Use of CO
2
2
Fig. 1. Methods for storing CO2 in deep underground geological formations. Two
methods may be combined with the recovery of hydrocarbons: enhanced oil recovery
(EOR) (option 2) and ECBM (option 5) (IPCC, 2005).
Table 1
Global storage capacity for several geological sequestration options (IPCC, 2005).
Reservoir type Storage capacity (Gt CO2)
Lower estimate Upper estimate
Oil and gas ﬁelds 675a 900a
Un-mineable coal seams (ECBM) 3e15 200
Deep saline formations 1000 Uncertain, but
possibly 10,000
a These numbers would increase by 25% if undiscovered oil and gas were included
in this assessment.
Fig. 2. Different aspects of CO2 sequestration in coalbeds and their interactions.
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offset the sequestration expenses. Thus, it is also called CO2-
ehanced coalbed methane (CO2-ECBM) recovery. The economic
feasibility of CO2 sequestration into coal seams in some areas and
formations has been investigated by several authors and it has been
suggested that this option might be economically viable (Gentzis,
2000; Yamazaki et al., 2006; Robertson, 2009; Shimada and
Yamaguchi, 2009).
Coalbeds contain amixture of gases of whichmethanemakes up
80%e99% and the remainder is composed of minor amount of CO2,
nitrogen (N2), hydrogen sulphide, and sulphur dioxide (Flores,
1998). Coalbed methane (CBM) is now viewed as a promising gas
resource in many regions (Yalcin and Durucan, 1991; Levy et al.,
1997; Flores, 1998; Markowski, 1998; Narasimhan et al., 1998; Yao
et al., 2009). As an example, coalbed gas production in the United
States totalled nearly 54  109 m3 (1.9 Tcf) in 2010, which provided
about 8% of total natural gas production in the United States (EIA,
2012).
Coalbed gas is mainly stored as adsorbed gas on the surface of
micropores in the matrix of coalbeds (Flores, 1998). Injection of CO2
enhances the production of methane from the coal seam since CO2
generally has higher adsorption capacity than methane and hence
displaces the methane. Thus, the injection of CO2 in coalbeds can
enhance the production of CBM, as well as provide a safe solution
for sequestration of CO2 (ECBM). Additionally, many power plants
are located near coal seams, and sequestering would reduce the
transportation costs. The ﬂue gas itself or a captured stream of
concentrated CO2 can be injected into a coal seam. Because the
oxidant commonly used in coal-ﬁred power plants is air, only about
10%e14% of the ﬂue gas is CO2; the majority of the remaining ﬂue
gas is N2. Thus, in most cases, CO2 will be captured from the ﬂue gasand injected into the coal seams as concentrated CO2 (Ozdemir,
2004).
The depth range of suitable coal seams for CO2 sequestration
purposes can be deﬁned based on the economic feasibility of the
coal mining and/or CBM production, which is a function of time,
and the efﬁciency and safety of the storage. Gale (2004) stated that
considering the CBM value only, the suitable depth window for
CO2-ECBM projects can be 300e1500 m. Bachu (2003) stated that
the optimum depth for coalbed geosequestration is the depth at
which the storage capacity is maximised while, at the same time,
the cost of drilling and injection is minimised. Using this approach,
Bachu (2003) suggested that the optimum storage depth window
can be 800e1000 m for cold basins (where CO2 density decreases
with depth) and 1000e1500m for warm basins (where CO2 density
increases with depth). Other researchers have suggested that the
maximum storage depth may be up to several kilometres
depending on characteristics and sealing efﬁciency of the basin (e.g.
Li and Fang, 2014).
A number of pilot/demonstration projects of CO2 injection into
coalbeds have been undertaken in the United States, Europe and
Asia since 1990’s. Study results have been reported from these tests
and interested readers are referred to these reports and reviews
(Reeves, 2001; van Bergen et al., 2006; Yamaguchi et al., 2006;
Wong et al., 2007; Botnen et al., 2009; Steadman et al., 2011;
Sheng et al., 2015). The one common problem observed in these
tests is the loss of gas injectivity due to swelling and permeability
reduction around wellbore. For further information on the tech-
nology, storage capacity, and potential of methane recovery from
coal seams, extensive review and reports can be found in the
literature (e.g. Gale and Freund, 2001; White et al., 2005).1.2.2. Processes associated with coalbed geosequestration
Numerous processes are associated with geological storage of
CO2 in coalbeds that need to be well understood. These processes
can be classiﬁed in three types of behavioural categories: reservoir,
adsorption and geomechanical behaviours (Fig. 2). Based on today’s
knowledge, when CO2 is injected into deep coal seams, the gas
ﬂows through the cleats, a process that is usually described by
Darcy’s law, and diffuses into the microporous matrix where it is
absorbed by the coal matrix, in which the major part of the stored
gas resides (Parkash and Chakrabartty, 1986). The diffusion process
that controls the CO2 movement is usually described by Fick’s law.
It should be noted that these behaviours interact with each
other as the arrows indicate in Fig. 2. CO2 injection changes the pore
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which results in mechanical deformations in the reservoir and
possibly the rock mass above it. The reservoir behaviour of coal
seams can also inﬂuence the adsorption process since it determines
the pressure distribution of gas within the reservoir, and since the
amount of adsorbed gas is related to the pressure and temperature.
On the other hand, the mechanical behaviour can affect the
other two aspects. The injection-induced mechanical deformations
can change the aperture of the fractures and hence the perme-
ability of the coal seam. Although the effects of stress on the
diffusivity and adsorption have received little study, Hol et al.
(2011) suggested that adsorption decreases with increasing effec-
tive stress. Nevertheless, it is known that the adsorption of CO2 is
accompanied by changes in volume of the coal matrix, i.e. coal
swelling. Swelling inﬂuences the ease with which the ﬂuid ﬂows
within the fractures, i.e. permeability. In addition to the effects of
the adsorption of CO2 and desorption of methane on matrix
swelling, it has also been shown that there are accompanying re-
ductions in stiffness and strength (Viete and Ranjith, 2006; Wang
et al., 2013a; Masoudian et al., 2013a, 2014; Vishal et al., 2015).
This paper provides an overview of different processes associ-
ated with sequestration of CO2 in coalbeds. Many publications have
discussed the reservoir and adsorption behaviours of coalbeds and
many papers have reviewed the ﬁndings related to them. However,
very little studies have taken the geomechanical aspects into ac-
count or considered the importance of geomechanical processes in
coalbed geosequestration. There exist some review papers discus-
sing the multiphysics of coalbed sequestration and the coupling of
different processes in reservoir modelling of coal (Liu et al., 2011;
Shukla et al., 2010), but these discussions have neglected some
important geomechanical aspects that may compromise the safety
and viability of coalbed sequestration (e.g. Li et al., 2014; Fei et al.,
2015). Thus, the three different processes depicted in Fig. 2 are
discussed in this paper, while special attention is given to those
geomechanical processes. The main purpose of this paper is to
provide a uniﬁed platform for coupled analysis of coalbed seques-
tration from a geomechanical perspective. Another aim of this
study is to highlight the signiﬁcance of induced geomechanical
processes and the role of geomechanical characteristics of coal
seams. In order to achieve these, this paper succinctly discusses the
petrology of coal and the adsorption behaviour of coal. Then,
mechanisms of ﬂow in coalbeds are discussed to provide a uniﬁed
approach in reservoir modelling for researchers with geo-
mechanical background. Then the geomechanical characteristics
and processes in coalbeds are extensively discussed, while their
interactions with reservoir and adsorption behaviours are high-
lighted. Then, the signiﬁcance of induced geomechanical response
of ground to CO2 injection will be discussed both qualitatively and
quantitatively. Finally, a series of research gaps has been identiﬁed
to provide a map of research direction for the research efforts in
this area.
2. Petrology of coal
Coal is an organic sedimentary rock that contains varying
amounts of carbon, hydrogen, and other elements including min-
eral matter. In other words, coal is composed of a number of organic
and inorganic substances: macerals and minerals, respectively.
There are three basic groups of macerals. Vitrinite is usually the
main maceral in coal and derived from coaliﬁed woody tissues and
it is known to be always anisotropic (e.g. Bustin et al., 1986). The
anisotropy of vitrinite increases with carbon content of coal (van
Krevelen, 1993). Liptinite is derived from the resinous and waxy
parts of the plants, and intertinite is derived from charred and
biochemically altered materials of the plants (Sereshki, 2005;Pashin, 2008). The inorganic materials mostly appear as ﬁlling
materials inside the fractures.
Coal can be considered as a polymer of a certain molecular
weight (Ward and Suárez-Ruiz, 2008) with a structure composed of
an accumulation of aromatic macro-molecular chains which are
inter-linked to form a body of solid material. The molecular struc-
ture of coal depends on the origin and rank of a particular coal
(Kabe et al., 2004), and a number of different models have been
proposed (Nishioka, 1993). For carbon contents greater than 85%,
many properties of coal can be related to the molecular size of the
structural units. According to the ASTM classiﬁcation, coal is clas-
siﬁed into four classes: lignite, subbituminous, bituminous, and
anthracite. In general, as coaliﬁcation proceeds, coal rank increases
in the order of lignite, subbituminous, bituminous, and anthracite
(Kabe et al., 2004).
Coal is a porous material with a wide range of pore sizes, which
includes many micropores resulting in a large internal surface area
(Pashin, 2008). The range of pore sizes and their interconnected-
ness inﬂuence mechanical properties, gas storage and ﬂow and
have been of interest to researchers in coal science for many years
(Alexeev et al., 1999; Hall et al., 2000). In general, coal has signiﬁ-
cant pore volume with porosities varying signiﬁcantly with carbon
content. The porosity is generally considered to comprise of
nanopores or micropores (<2 nm), mesopores (2e50 nm), and
macropores (>50 nm) in which ﬂuids can be stored and ﬂow
(Harris and Yust, 1976; Balek and de Koranyi, 1990; Radlinski et al.,
2004; Sereshki, 2005; Pashin, 2008).
To date, many techniques and methods have been used to
observe and measure the porosity of coal matrix, and this has
resulted in an ongoing debate about the interconnectedness of the
pores. Some assume that coal matrix has an interconnected
network of pores (Harris and Yust, 1976; Harpalani and Zhao, 1991;
Radovic et al., 1997; Pan et al., 2015), while others believe that pores
are isolated from each other. An understanding of the molecular
structure and the nature of the pores, which affect the mechanical
response, and the gas ﬂow and storage, is required in CO2 seques-
tration and ECBM applications. Studies have shown that the
transport properties of coal can be predicted by investigating the
micro- and nano-structure of coal and therefore provide funda-
mental understanding on geological processes that may play roles
in site selection and determining suitable coal seams for seques-
tration purposes (e.g. Yao et al., 2014; Liu et al., 2015; Pan et al.,
2015). However, when considering the ﬂow and mechanical
behaviour, there does not appear to be any advantage from
considering micropores and mesopores separately and hence the
term micropores is used for all pores less than 50 nm. A major part
of the stored gas resides in the micropores (Parkash and
Chakrabartty, 1986). The nature of the porosity varies with carbon
content and rank, with macropores (primary porosity) predomi-
nant in the lower carbon (lower rank) coals, whereas higher carbon
(higher rank) coals contain predominantly micropores (Gan et al.,
1972). The porosity of coal tends to decrease with carbon content
until reaching a minimum at approximately 89% carbon content,
and then increases with further carbon content increase (Speight,
2005).
A system of natural orthogonal fractures, also known as cleats,
forms the vast majority of the macropore space in coal (Pashin,
2008). Cleat formation is controlled by intrinsic tensile forces,
ﬂuid pressures, and tectonic stresses (Gamson et al., 1993; Su et al.,
2001). Most cleat surfaces are perpendicular to the bedding. The
major set is variously termed the primary, main, face, or master
cleats, and the minor set named the secondary, butt, back, cross, or
bord cleats (Spears and Caswell, 1986). The secondary cleats end at
intersectionswith through-going primary cleats and are believed to
have formed later (Laubach et al., 1998). In some coals, a third cleat
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and not aligned with either primary or secondary cleats (Gamson
et al., 1993). Transport of gas through coal depends primarily on
the spacing and aperture of the cleats (Laubach et al., 1998). Cleat
spacing is usually sufﬁciently close (millimetres to centimetres)
that numerous visible fractures are present in coal cores (Laubach
et al., 1998). Cleat spacing tends to increase with increasing min-
eral content (Spears and Caswell, 1986), and decreases with
porosity so that cleat spacing reduces with rank reaching a mini-
mum for medium volatile bituminous coals, where porosity is a
minimum, and then increases for higher carbon contents (Laubach
et al., 1998). Cleat apertures range from hairline fractures narrower
than one micron to major fractures wider than 20 mm (Pashin,
2008). Some minerals may ﬁll the cleats and affect the perme-
ability of coal (Pashin, 2008). Theseminerals in the cleats constitute
a signiﬁcant fraction of total mineral matter in the coal (Spears and
Caswell, 1986).
3. Adsorption behaviour of coalbeds
Gas adsorption and desorption or simply sorption is a process in
which gas molecules interact with a surface (Sereshki, 2005;
Pashin, 2008). Molecules can attach themselves onto surfaces in
two ways: physisorption and chemisorption. In physisorption,
there is a reversible weak Van derWaals attraction of the adsorbate
to the surface. Chemisorption is an irreversible process where gases
are held on the surface of coal by chemical forces in contrast with
physisorption (Ozdemir, 2004; Pashin, 2008). Physisorption can
occur alone, but chemisorption is always accompanied by phys-
isorption (Dollimore et al., 1976).
The mechanism of gas sorption in coal is still not completely
understood (Melnichenko et al., 2009). However, it is usually
described by one of three models: Langmuir, BET (Brunauere
EmmetteTeller) and Dubinin (Dutta et al., 2008). Amongst them,
Langmuir is the simplest model where it is assumed that under
constant pressure and temperature, there is a dynamic equilib-
rium between sorbed and non-sorbed phases and sorption is
limited to a single layer (Langmuir, 1918). Langmuir’s equation is
given as
V ¼ VLP
PL þ P
(1)
where P is the equilibrium gas or vapour pressure, V is the volume
of gas adsorbed, VL is the Langmuir monolayer volume (maximum
monolayer capacity), and PL is the Langmuir pressure correspond-
ing to 0.5VL. The BET model is an extension of the Langmuir model
that accounts for the formation of multilayers (Ozdemir, 2004). The
Dubinin theory likens the sorption to amechanism of volume ﬁlling
and two equations have been developed based on this theory:
DubinineRadushkevich (DeR) and DubinineAstakhov (DeA)
equations (Rand, 1976; Clarkson et al., 1997). In addition to these
models, some other isotherm models have been proposed such as
the semi-empirical models used by Bae and Bhatia (2006) (The Toth
model) or the 2D-EOSmodel based on equation of state (EOS) of the
gas mixture (e.g. Pan and Connell, 2009).
When sequestrating in deep coal seams, the in-situ pressure P
and temperature T can be high enough so that CO2 is in super-
critical state (T > 31 C and P > 7.38 MPa). In this case, care
should be taken when choosing the model for sorption. Many
studies have investigated the sorption of CO2 and multi-
component gas mixtures (containing CO2) on coal under below-
critical conditions (Laxminarayana and Crosdale, 1999; Busch
et al., 2003a; Jod1owski et al., 2007; Saghaﬁ et al., 2007; Prusty,
2008) and supercritical conditions (Busch et al., 2003b, 2006;Yu et al., 2008) using the Langmuir model. The application of
the BET equation to supercritical ﬂuid sorption cannot be justiﬁed
physically as multilayer formation is considered unlikely
(Clarkson et al., 1997). Studies have shown that both Langmuir
and Dubinin (DeA and DeR) models may not ﬁt the experimental
data, especially under supercritical conditions, underestimating
the supercritical CO2 sorption capacity of coal by around 30%
(Sakurovs et al., 2007). However, Sakurovs et al. (2007) intro-
duced modiﬁed DeR and Langmuir equations (Henry Hybrid)
that showed a good ﬁt with the supercritical CO2 adsorption data.
As discussed, a wide range of isotherm models have been
developed for gas adsorption on coal but what seems necessary
for geotechnical engineers and geomechanics researchers is to
focus on the balance of accuracy of sorption and implementation
in reservoir simulators.
The adsorption capacity of coal and the stability of the adsorbed
CO2 can be affected by a number of factors, including those related
to coal composition, i.e. rank and moisture content of the coal, and
those related to the environmental variables, i.e. temperature,
pressure, change in pH value. These factors have been investigated
for a long time and comprehensive information is available in the
literature. A summary of parameters affecting gas adsorption ca-
pacity of coal is provided in Table 2. However, one should bear in
mind that many of the compositional parameters are inter-related
(e.g. rank and carbon content, porosity) and it may not be possible
to investigate the effect of each parameter without interference by
the others.
There are a signiﬁcant number of studies concerning the pa-
rameters inﬂuencing the sorption capacity of coal seam under
different compositional and environmental factors as reported in
this table. The discussion in this paper is to only provide ﬁrst-hand
understanding of adsorption mechanisms and contributing factors
to the geotechnical engineers and rock mechanics specialist. More
rigorous and comprehensive reviews are readily available in the
literature, providing in-depth discussions on gas sorption in coal
(Dutta et al., 2008; Mazzotti et al., 2009; Busch and Gensterblum,
2011; Wang et al., 2011).4. Gas ﬂow in coalbeds
4.1. Gas ﬂow mechanisms
When CO2 is injected into a coal seam, the gas ﬂows inside the
fractures where the ﬂow is assumed to be laminar and viscous, then
it moves inside the coal matrix blocks where it is adsorbed on the
internal surface area of the microporous space within the matrix
blocks (see Fig. 3). Thus, there are at least two distinct scales for
ﬂuid ﬂow: a fracture-scale ﬂow that considers the ﬂow of ﬂuid in
cleats, and a matrix-scale that considers the ﬂow of gas inside the
coal matrix blocks. The viscous and diffusive mechanisms of gas
ﬂow in coal seams are explained below. Although there may be
some other mechanisms associated with the ﬂow and transport of
gas in coal seams (Klinkenberg effect, Forchheimer effect, etc.)
(Webb, 2006; Wei and Zhang, 2010), they are not discussed in this
paper due to insufﬁcient evidences on their signiﬁcance in coalbed
geosequestration.4.1.1. Gas ﬂow in cleats/fractures
It is generally assumed that ﬂow of gas through cleats is a
laminar viscous ﬂow. The viscous ﬂow is usually described by
Darcy’s law. Darcy’s law states that velocity of gas, u, is directly
proportional to the pressure gradient, VP, and the gas-phase
permeability, k, as illustrated below:
Table 2
A summary of parameters affecting the gas adsorption capacity of coal.
Studied parameter Relationship with sorption capacity Reference(s)
Coal composition
factors
Maceral type Vitrinite-rich coals have higher sorption capacity, generally a little
inﬂuence
Ceglarska-Stefanska and Brzóska, 1998;
Laxminarayana and Crosdale, 1999
Carbon content U-shape trend with minimum at around 85%e90% total carbon Day et al., 2008a
Ash content The higher the ash content, the less the adsorption capacity Laxminarayana and Crosdale, 1999;
Katyal et al., 2007
Coal rank U-shape trend with minimum in medium to low volatile bituminous
coal
Laxminarayana and Crosdale, 1999;
Siemons and Busch, 2007;
Day et al., 2008a; Zhang, 2008;
Wang et al., 2015; Weishauptová et al., 2015
Porosity The higher the porosity, the higher the adsorption capacity Day et al., 2008a; Prusty, 2008
Environmental
factors
Temperature The higher the temperature, the lower the adsorption capacity Yang and Saunders, 1985; Azmi et al., 2006;
Zhang, 2008
Pressure The higher the pressure, the higher the adsorption capacity Daines, 1968; Yang and Saunders, 1985;
Krooss et al., 2002; Busch et al., 2003a;
Day et al., 2008c; Pone et al., 2009b
Moisture content Sorption capacity decreases as moisture content increases to a critical
value (40%e80% of relative humidity). Further increases in moisture
content after the critical value do not change the sorption capacity
Day et al., 2008c; Joubert et al., 1973, 1974;
Krooss et al., 2002; Siemons and Busch, 2007;
Weishauptová et al., 2015
Gas composition Higher adsorption selectivity of CO2 is generally accepted. However, this
selectivity is dependent on other parameters such as temperature,
pressure and moisture content, and sometimes higher selectivity of
methane occurs
Clarkson and Bustin, 2000; Krooss et al., 2002;
Busch et al., 2006; Brochard et al., 2012
pH value The less the pH value (acidic), the higher the adsorption capacity Schroeder et al., 2001; Azmi et al., 2006
Effective stress The adsorption capacity reduces with increasing effective stress Hol et al., 2011, 2012a
M.S. Masoudian / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 93e112 97u ¼ k
m
ðVP  rgVzÞ (2)where m is the gas viscosity, r is the density of gas, and g is the
gravity acceleration. It should be noted that this velocity is not the
true velocity of the gas in pores, v, but v¼ u/ff (Webb, 2006), where
ff is the fracture porosity. The mass balance equation can be pre-
sented as (Aziz and Settari, 1979):
vðfrÞ
vt
¼ V,ðruÞ þ Q (3)
where Q is a sink/source term. This form of ﬂow equation considers
the compressibility of the gas which can be described by an
equation of state (i.e. r ¼ f(P, T)) such as PengeRobinson used by
Henderson et al. (2005). They also considered the relationship
among gas viscosity, pressure, and temperature using an empirical
equation. It should be noted that supercritical gas, immediately
above the critical point, is still compressible and therefore, the
compressibility must be considered in this situation. Many models
developed so far neglect this fact and assume the supercritical gas is
an incompressible or slightly compressible ﬂuid (e.g. Connell and
Detournay, 2009; Masoudian et al., 2013b).Fig. 3. Gas injection into a dual porous medium: CO2 ﬂows inside the fractures (a) and
it diffuses into matrix blocks and is adsorbed on the internal surface area (b).4.1.2. Gas ﬂow in matrix blocks
Diffusion is the process of ﬂuid movement in microporous
matrix blocks of rocks due to the concentration gradient. There are
different kinds of gas diffusion mechanisms occurring in porous
media but it is generally assumed that continuum diffusion is the
dominant mechanism in CBM recovery (Cui et al., 2004). Diffusion
processes in porous media are conventionally described by Fick’s
ﬁrst and second laws: ﬁrst for steady and second for unsteady ﬂux.
The Fick’s ﬁrst law has been extended tomulticomponent gas and it
is called theMaxwelleStefan formulation. The Fick’s ﬁrst law can be
written as
qd ¼ DeVc (4)
where qd is the diffusive ﬂux,De is the effective diffusion coefﬁcient,
and Vc is the concentration gradient. The Fick’s second law is the
same but with the second derivative of concentration which re-
ﬂects the unsteady diffusion (Kokes and Long, 1953):
qd ¼ DeV2c (5)
The Fick’s second law is more important when short-term es-
timations are needed, while the Fick’s ﬁrst law is favourable for
long-term modelling or experiments in which the steady diffusive
ﬂow is maintained. However, some recent studies have tried to use
other equations for diffusion of gas in coal. For example, Wang et al.
(2009) used Smoluchowski equation to describe the gas diffusion in
carbon nano-tubes for the ECBM application, but due to insufﬁcient
experimental evidences, it will not be discussed here.4.2. Reservoir properties of coalbeds
4.2.1. Permeability
The permeability of coal seams has been investigated by a
number of authors and a wide range of values has been published.
The permeability in mining applications is usually in the range of
0.1 mD to 100 mD (9.87  1014 m2 to 9.87  1011 m2) (Sereshki,
2005). For sequestration, low values can be expected because the
target coal seams are signiﬁcantly deeper, and the elevated stress
levels will cause smaller cleat apertures. For example, Pinetown
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varied from 0.1 mD to 50 mD, decreasing for deeper seams so that
permeability was commonly less than 1 mD below 400 m in depth.
Also, due to the anisotropic nature of coal and the different conti-
nuities and apertures of face and butt cleats, horizontal perme-
ability (parallel to bedding) is typically in an order of magnitude
larger than the vertical permeability (Gash et al., 1993).
Permeability is inﬂuenced by the intrinsic properties of coal.
Several studies (Smyth and Buckley, 1993; Clarkson and Bustin,
1997; Robertson and Christiansen, 2005) have shown that perme-
ability is affected by coal rank in a similar manner to porosity,
reaching a minimum for medium volatile bituminous coals and
increasing for higher and lower rank coals. However, an exception
is lignite which can have very low permeability despite a relatively
high porosity due to the lack of a well-developed and inter-
connected cleat system (Botnen et al., 2009). Although there have
been studies that considered the effect of coal matrix permeability
in reservoir modelling (e.g. Thararoop et al., 2012), there are only a
few studies that have analysed this parameter of coal matrix (e.g.
Gensterblum et al., 2014). The permeability of the intact coal matrix
blocks is reported to be considered very small (e.g. 0.04e0.7 mD
(Flores, 2004) and 1  105 mD (Thararoop et al., 2012)).
4.2.2. Diffusivity
The value of effective diffusion coefﬁcient depends on the coal
rank and type, gas type, porous network, and environmental con-
ditions (pressure and temperature). For many coals, the effective
diffusivity of methane ranges from 2.9  1011 m2/s to
3.7  109 m2/s (Olague and Smith, 1989). The diffusivity of CO2 is
usually higher than that of methane by a factor of 2e3 for dry coal
and 5e6 for moist coal (Busch et al., 2004). It has been suggested
that the relative difference between diffusion of methane and CO2
is due to the different behaviours of CO2 and methane (Charrière
et al., 2010), and the role of gas molecule size and pore space
structure (Cui et al., 2004). Larsen (2004) stated that CO2 has amore
favourable interaction enthalpy than hydrocarbons (such as
methane) which results in faster diffusion into coal.
Environmental conditions can also affect the rate of diffusion.
For example, increase in moisture content decreases the diffusivity
of both methane and CO2 (Clarkson and Bustin, 1999) because
watermolecules can block the pathways of gasmolecules inside the
coal matrix. Increasing temperature has a positive effect on the rate
of diffusion (e.g. Krooss et al., 2002; Busch et al., 2004; Charrière
et al., 2010) due to the fact that at higher temperature, gas mole-
cules have higher energy and tend to move faster. Moreover, Cui
et al. (2004) reported that increase in gas pressure continuously
decreases the apparent diffusion coefﬁcient; however, the inﬂu-
ence of pressure on the effective diffusivity is not well established.
4.3. Multi-scale ﬂow modelling
According to Wei et al. (2005), there are three types of CBM
reservoir models that may be used for coal seam gas and CO2
sequestration in coalbeds. The most primitive type is the conven-
tional black oil and compositional model in which diffusion is
assumed to be instantaneous and thus cannot fully describe the gas
ﬂow processes in coal seams (Wei et al., 2005). The second type is
the most widely used for CBM simulations in which a non-
equilibrium diffusion process is modelled with a dual porosity
system comprised of fractures and microporous matrix blocks. The
third type of CBM simulator includes improved CBM/ECBM models
such as the bidisperse pore diffusion model, and the triple porosity
model. These latter types of models consider a more complicated
porous network for the matrix blocks (Wei et al., 2005) or more
accurate approaches to estimate the diffusive ﬂux. It was explainedearlier that gas-phase ﬂow in porous media consists of viscous and
diffusive components and that coal is a naturally fracturedmedium,
usually characterised by a dual porosity system composed of matrix
blocks and fractures. Despite the fractured nature of the coal, it is
usually assumed that each of fracture-scale and matrix-scale ﬂows
is continuous, i.e. a multicontinuum system (Rutqvist et al., 2002).
These scales are coupled to each other through a sink/source term
that represents the mass transfer between macro- and micro-
scales, also known as the matrix-fracture transfer function. This
section brieﬂy discusses the fundamentals of the fracture ﬂow and
two distinct models for the matrix-fracture transfer function.4.3.1. Fracture-scale modelling
To model single-phase ﬂow of a gas within the fractures/cleats,
the Darcy’s equation (Eq. (2)) is substituted in the mass balance
equation (Eq. (3)), which leads to the following equation:
v
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ffr
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where V denotes the gradient operator in fracture continuum
(macro-scale) whose spatial derivatives are performedwith respect
to spatial coordinates in the fracture continuum Xf ¼ {xf, yf, zf}.
However, in reality there usually exist more than one phase and
more than one gas species in coal seams. The underground coalbeds
usually contain bothwater and gas before CO2 injection and hence a
two-phase (gas and water) and multicomponent model is usually
required to model the ﬂow of gas within coalbeds. For such two-
phase, multicomponent (Ng gas species) ﬂuid system, the macro-
scale ﬂow equation can be rewritten below (Lu and Connell, 2010):
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where S represents the saturation; krw and krg are the relative
permeabilities of water and gas, respectively; uwi and ugi are the
mass fractions of the i-th component in the water and gas phases,
respectively. Note that here the subscripts “w” and “g” represent
water and gas phases with water indexed by i ¼ Ngþ 1 and gas
species are indexed by the rest i ¼ 1, 2,., Ng. In order to solve this
set of equations, some supplementary equations are needed
including capillary pressure equation to relate water and gas partial
pressures to each other, and the relative permeability equations
(e.g. van Genuchten,1980). Eq. (7) is usually solved using numerical
methods such as ﬁnite difference, ﬁnite volume, and ﬁnite element
methods (Liu and Smirnov, 2008; Ozdemir, 2009), but discussion
on numerical schemes is beyond the scope of this paper.
In order to take into account the effect of fracture deformation
on the pressurisation of ﬂuid within the fractures, one can follow
Detournay and Cheng (1993) which leads to a term on the right side
of the ﬂow equations as follows:
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where εv is the total volumetric strain, which is a function of time
and fracture-scale coordinates. The added term couples the ﬂow
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voir. The mechanical deformation mechanisms and their formula-
tions will be discussed later in this paper.4.3.2. Matrix-scale modelling
As stated earlier, Q in Eqs. (6) and (7) is a sink/source termwhich
can relate the fracture-scale ﬂow to the matrix-scale ﬂow. The term
Q is the mass rate of gas diffusing into and/or out of matrix blocks
and is known as thematrix-fracture transfer function. Note that Q is
a function of time and macro-scale coordinates:
Q

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
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
vt
(9)
where qave is the mean value of the gas concentration inside the
coal matrix and is determined by integration over the volume of the
matrix block:
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where Vm is the volume of matrix block; and q is the gas concen-
tration which is a function of time, t, global fracture coordinate, Xf ,
and local matrix coordinate, Xm. According to this equation, in order
to ﬁnd the matrix-fracture transfer function, we need to ﬁrst ﬁnd
the concentration distribution in the coal matrix, q. The concen-
tration inside the matrix blocks can be determined using the Fick’s
second law, which is re-written below:
v
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In many applications, this equation and the gas ﬂow equation
can be simultaneously solved using a numerical method. However,
in reservoir engineering, because of the large scale of the di-
mensions, this is not computationally feasible. Therefore, an
analytical or a semi-analytical solution must be used to solve the
equation of diffusion while the gas ﬂow equation is solved
numerically. There are different approaches to ﬁnd the analytical
approximation for the diffusion equation, of which two techniques
are explained below.
(1) Quasi-steady approach
The most widely used and simpliﬁed approach to approximate
the matrix-fracture transfer function is to consider a quasi-steady
state approach (Warren and Root, 1963) in which no attempt is
made to solve the diffusion equation within each block. The main
disadvantage of this method is the inaccuracy of the short-term
predictions which can also inﬂuence the long-term results signiﬁ-
cantly. In this approach, Q is assumed to be directly proportional to
the difference between the gas concentration in the fracture and
the matrix block. The quasi-steady matrix-fracture transfer func-
tion for gas species of a multicomponent mixture is given below:
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where lx, ly and lz are the length of rectangular parallelepiped ma-
trix blocks (cleat spacing) in x, y, and z directions, respectively; and
qs expresses the concentration of the gas on the walls of the frac-
tures. This concentration is the boundary condition for the diffusion
equation, which also shows the maximum or the minimum con-
centration that the gas can have inside the matrix blocks at aspeciﬁc time. The value of qs can be determined by using an
adsorption isotherm (e.g. Langmuir’s equation).
(2) Transient approach
To improve the short-term predictions, a solution for the tran-
sient diffusion of gas into coal matrix blocks is required. Lu and
Connell (2007) solved the Fick’s second law for which the con-
centration in the fractures provides a boundary condition. The so-
lution for rectangular matrix blocks is given below (Lu and Connell,
2010, 2011):
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where ½De is the matrix of diffusion coefﬁcients with Ng  Ng di-
mensions, and Hs is deﬁned as
Hsðm;n; pÞ ¼ ½1 cosðmpÞ½1 cosðnpÞ½1 cosðppÞ (14)
The main advantage of this model over the quasi-steady state
model is the accuracy of the predictions in the short term. This can
have a signiﬁcant improvement on the reservoir simulation results
as explained by Lu and Connell (2007) and Connell and Lu (2007).
However, this method is computationally expensive and requires
signiﬁcant computational developments to successfully implement
it in the numerical model as explained by Connell and Lu (2007)
and Masoudian et al. (2013b).4.3.3. Other modelling approaches
Many attempts were dedicated to improve the modelling of gas
ﬂowwithin coal seamsmostly by developingmodels that represent
the matrix-scale ﬂow better, e.g. bidisperse pore diffusion models
(Shi and Durucan, 2003), triple porosity models. The bidisperse
models take into account the three porosity scales within the ma-
trix (macropores, mesopores, and micropores) and consider
different diffusion mechanisms in them: surface diffusion in the
micropores and pore diffusion in the mesopores and macropores
(e.g. Shi and Durucan, 2003). However, it has been discussed that
one of the main issues with these models is the need for a
comprehensive knowledge and models of the porous structure of
coal matrix (see Wei et al., 2005). In addition, some other models
can be found in the literature in which the interaction of different
gas species on matrix diffusion (counter-diffusion) is considered.
Some other models have considered that gas diffusivity can be
dependent on the concentration or even pressure. A review of these
models can be found in the literature (e.g. Wei et al., 2005).
Another approach that can improve the modelling of gas ﬂow in
coal seams is the way that the fracture-scale and matrix-scale
ﬂuxes are combined. For most viscous-diffusive ﬂow studies, gas
ﬂuxes due to viscous ﬂow and diffusion are calculated separately
and then simply added together, and this approach has beenwidely
used in the area of ECBM and geosequestration. This approach is
easy and needs a low level of computational effort and is therefore
more favourable. However, some studies have shown that such an
approach in some porous media may lead to inaccuracy (an
example is given in Webb (2006)) and have recommended the use
of the dusty gas model (DGM) which is the most widely used
mechanistic model to combine gas viscous and diffusive ﬂows in
porous media at the present time. DGM includes the effect of
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velocity is zero compared to the gas molecules (Webb, 2006).5. Geomechanical behaviour of coalbeds
5.1. Mechanical deformations in coalbeds during geosequestration
It is well known that coal swells in the presence of CO2 (e.g.
Reucroft and Patel, 1986; Stacy and Jones, 1986;Walker et al., 1988).
In addition to the sorption-induced strain, gas injection or pro-
duction can lead to mechanical deformations of coalbeds due to the
change in the stress state within the reservoir. Following the
convention in geomechanics, the strain can be decomposed into an
elastic (reversible) part, εe, and a plastic (irreversible) part, εp.
When chemical/sorption-induced strains are involved, the elastic
part itself is decomposed into mechanical εe;m and chemical/sorp-
tion induced parts, εe;s, namely:
ε ¼ εe þ εp ¼ εe;m þ εe;s þ εp;m (15)
These three different types of deformations can then be esti-
mated individually using analytical or numerical methods. In
addition, rock may fail depending on the stress distribution within
the reservoir. The principles of these concepts are explained below.5.1.1. Sorption-induced swelling of coal
Many years ago, Marzec and Kisielow (1983) related the
swelling to the osmotic pressure created by the higher concentra-
tion of coal molecules in the solutions inside the pores compared to
the outside. They described that some pores have narrow entrances
that do not allow coal molecules across while allowing smaller
solvent molecules move frequently throughout the pore space.
They suggested that this osmotic pressure supplies enough force to
loosen the original packing of coal matter. However, later studies
have suggested an alternative mechanism which is based on the
polymeric nature of the coal structure. It has been shown that coal
behaves as a glassy polymer at room temperature (Lucht et al.,
1987; Green et al., 1991). In other words, the intermolecular in-
teractions are greater than the available thermal energy (absorbed
from environment) and therefore, the molecular structure of coal is
“frozen” in place. The glassy state of a polymer is characterised by
its glass transition temperature (for coal Tg ¼ 580e623 K), the
temperature at which a polymer changes from a glass to a rubber
(Lucht et al., 1987). At this temperature, the thermal energy be-
comes greater than the intermolecular interactions and the mo-
lecular structure is “thawed” so that larger molecular motions are
possible. However, the material retains its shape because the
molecules are cross-linked. When gases and vapours (e.g. CO2) are
in contact with coal, it increases the coal’s ability to rearrange to a
new structure with a lower energy state and therefore the glass
transition temperature decreases (Larsen, 2004). This transition
from a glassy solid state to a rubbery state seems to be an appro-
priate explanation for the swelling process.
The earliest studies on the swelling of coal in the presence of
CO2 were dilatometric experiments on pencil-shaped samples
(Reucroft and Patel, 1986; Walker et al., 1988). These studies re-
ported that the increase in volume of samples ranged from 0.36% at
low pressures to 1.9% at high pressure (up to 5 MPa). More recent
studies have all used optical methods, such as scanning electron
microscope (SEM) and X-ray, to measure the swelling of coal
(Karacan, 2007; Day et al., 2008b; Pone et al., 2009a; van Bergen
et al., 2009). For example, Day et al. (2008b) reported the
maximum swelling of 1.7%e1.9% under high pressure and high
temperature conditions.It is expected that swelling is a function of the gas volume
adsorbed onto the coal. Hence, the factors that affect the adsorption
will affect the swelling as well. Day et al. (2008b) performed a
comprehensive study on swelling of coal due to CO2 adsorption and
observed that swelling increased as a function of CO2 pressure up to
8e10 MPa while further pressure did not increase the swelling.
They showed that swelling was roughly proportional to the amount
of adsorbed CO2 under different temperatures. Studies showed that
moisture reduces the amount of swelling (van Bergen et al., 2009).
This is in agreement with the effect of moisture content on the
adsorption capacity. Moreover, the mechanical properties of coal
can also affect the extent of swelling. Durucan et al. (2009) reported
that coals with higher Young’s modulus yielded lower value of
swelling. Also, swelling in the plane perpendicular to the bedding
plane is always higher than that in the parallel direction (Day et al.,
2008b). This can be related to the anisotropic nature of the vitrinite.
Many mathematical models have been used for volume change
due to gas adsorption. These models are based on adsorption
models such as Langmuir (Robertson and Christiansen, 2005; Pan
and Connell, 2007; Mazumder and Wolf, 2008) and Dubinin (Day
et al., 2008b). The Langmuir like equation for adsorption-induced
swelling is given below:
ε
s
v ¼
ε
s
maxP
Pε þ P (16)
where εsmax is themaximumvolumetric swelling strain and Pε is the
Langmuir pressure for the Langmuir type swelling isotherm. It has
also been repeatedly reported in the literature that the adsorption-
induced swelling is fully reversible (e.g. Battistutta et al., 2010; van
Bergen et al., 2011). In addition, it has been observed that swelling
displays strong anisotropy for some coals with a larger swelling
perpendicular to the bedding (e.g. Levine, 1996; Day et al., 2010).
It should be noted that when swelling coal is conﬁned, the in-
crease in volume of the coal matrix will decrease the cleat porosity
of coal. The reduction in cleat porosity decreases the permeability.
The reduction of permeability as a result of CO2 injection has been
observed in demonstration projects (Reeves et al., 2003; Wong
et al., 2007). Further discussion on the permeability change will
be presented later.5.1.2. Elastic deformations
As Detournay and Cheng (1993) explained, two mechanisms
play key roles in the elastic interaction between the ﬂuid and the
porous rocks. One mechanism is the pressurisation of the ﬂuid as a
result of compression of the rock and the other mechanism is the
dilation of the rock as a result of an increase in pore pressure. The
ﬁrst mechanism is implemented in the gas ﬂow equation in Eq. (8),
where the effect of volumetric strain on the ﬂow behaviour is taken
into account. The second mechanism should be included in the
mechanical deformation formulations.
It should be also noted that the mechanical strain of the soil and
rock skeleton is induced by the effective stress deﬁned as follows
(Biot, 1941):
s0ij ¼ sij  aP (17)
where a is the Biot’s effective stress coefﬁcient, which denotes the
inﬂuence of pore pressure on the solid matrix of porous media, and
it is equal to 1.0 for soft sediments while it may be less than 1.0 for
cemented soils and rocks.
The elastic stressestrain relationship is usually written as
s0ij ¼ Cijklεekl (18)
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the effective stress deﬁnition, the linear elastic constitutive equa-
tions can be deﬁned as
Eεij ¼ sij  nskkdij  ð1 2nÞaPdij (19)
where E is the elastic modulus, n is the Poisson’s ratio, and dij is the
Kronecker’s delta (equals one when i ¼ j, otherwise zero).
5.1.3. Failure and plasticity
In geomechanics, yield or failure is referred to the onset of in-
elastic behaviour (Davis and Selvadurai, 2002). Many failure criteria
have been proposed over the years. The most widely used failure
criterion is the MohreCoulomb one which is deﬁned as below:
s ¼ c0 þ s0n tan 40 (20)
where s and s0n are the shear and effective normal stresses with
respect to failure plane, respectively; 40 is the effective angle of
internal friction; and c0 is the effective cohesion. The Mohre
Coulomb failure criterion can be described in terms of principal
stress as follows (Davis and Selvadurai, 2002):
s01 ¼

1þ sin 40
1 sin 40

s03 þ

cos 40
1 sin 40

2c0 (21)
Another yield criterion is HoekeBrown failure criterion, which
is believed to be suitable for failure of coal (Gentzis et al., 2007).
HoekeBrown failure criterion is an empirical relationship between
major and minor principal stresses as
s01 ¼ s03 þ sci

m
s03
sci
þ s
a
(22)
where m, s and a are HoekeBrown parameters and sci is the uni-
axial compressive strength of intact rock. It should be noted that
the HoekeBrown failure criterion has some advantages over the
MohreCoulomb one when used for coal, which is the nonlinear
normal-shear stress curve and has adaptability to include fractures.
It is usually assumed that the plastic deformation occurs once
the failure takes place. In the plasticity theory in geomechanics, the
plastic strain of rocks is generally deﬁned by a ﬂow rule which
relates the plastic strain increment, _εp, to the yield function, f, as
follows (Davis and Selvadurai, 2002):
_εp ¼ lf
vf
vs
(23)
where lf is the plastic multiplier, and f generally denotes the yield
condition as a general function of components of stress matrix,
such as MohreCoulomb and HoekeBrown criteria. The plastic de-
formations can then be calculated with the help of the post-failure
behaviour of the rock, e.g. strain softening and work hardening. The
plastic deformations within the coalbeds are believed to play an
important role in assessing the stress and strain around CO2 in-
jection or methane production wells (see Gentzis, 2009; Zhang
et al., 2015).
5.1.4. Other geomechanical processes
In addition to the geomechanical response of coalbeds described
above, there are other phenomena associated with ﬂuid injection
activities which can be related to the geomechanical behaviour of
formations surrounding the coalbeds. As an example, fault reac-
tivations induced seismic activities, and ground surfacemovements
are known to be associated with ﬂuid injection activities in oil and
gas projects. These phenomena can greatly inﬂuence the feasibilityof CO2 storage projects but they have not been well investigated in
coalbed geosequestration studies. The theory of these induced
geomechanical processes will not be discussed in this paper
although it should be noted that they can generally be described
using elastic and plastic deformations and failure criteria explained
above.
5.2. Geomechanical properties of coalbeds
5.2.1. Elastic modulus
Stiffness of coal varies with rank and carbon content, and the
direction of loading relative to the bedding planes. Szwilski (1985)
reported the elastic modulus of coals with different carbon con-
tents and found that in general, larger carbon content results in
higher elastic modulus although coals with carbon contents be-
tween 80% and 90% showed a decrease in elastic modulus with
increasing carbon content.
When conducting mechanical tests on rock samples, the size of
the specimen is important in the measured value of elastic
modulus. It is generally believed that rock samples with larger di-
ameters are more likely to contain more fractures and discontinu-
ities which result in lower measured values of elastic modulus.
Medhurst and Brown (1998) tested core samples with different
diameters from 50 mm to 300 mm and their results showed that
the elastic modulus of coal is lower in larger samples.
In addition, the direction in which the load is applied can in-
ﬂuence the observed value of elastic modulus. Szwilski (1984) re-
ported that the maximum value of elastic modulus can be
measured when the load is applied in the direction perpendicular
to minor cleats while its minimum can be measured when the load
is applied perpendicular to the bedding plane. This anisotropic
behaviour can be due to the difference between the apertures of
different sets of fractures: narrower cleats have lower compress-
ibility which results in larger elastic modulus measured perpen-
dicular to its plane.
In addition to the coal’s nature, environmental factors can affect
the measured elastic modulus. Temperature can change the elastic
modulus of coal but their relationship depends on the rank and
carbon content of coal. It is known that as coal is heated the elastic
modulus slightly decreases up to a temperature around 350 Ce
375 C, and as the temperature increases further the elastic
modulus drops signiﬁcantly. On the other hand, cooling this heated
coal leads to a stronger and stiffer sample than the original coal
(Krzesinska et al., 2006).
Another environmental factor is the conﬁning stress that can
affect the measured value of elastic modulus of rocks as studied by
Brown et al. (1989). The inﬂuence of conﬁning stress on elastic
modulus of coal samples (3.75 cm in diameter) has also been
investigated and the same effect has been observed by Gentzis et al.
(2007). This can be explained by gradual closure of pores and
fractures as the conﬁning stress increases (Corkum and Martin,
2007). It can be seen that elastic modulus increases as the
conﬁning stress increases up to 5 MPa after which the modulus is
practically constant. Also, results presented by Szwilski (1984)
showed that conﬁning pressure signiﬁcantly increases the degree
of anisotropy of elastic modulus which is believed to be mainly due
to the frequency and orientation of microcracks created in the coal
matrix during loading.
5.2.2. Mechanical strength
Mechanical strength of rocks is deﬁned as the magnitude of the
maximum principal stress at the yield point. Like stiffness, the
mechanical strength of coal varies with rank and carbon content,
and direction of loading. Medhurst and Brown (1998) observed that
among medium rank coals, dull (higher ash content) coal has a
Fig. 5. MohreCoulomb and HoekeBrown failure envelopes of coal samples (Gentzis
et al., 2007).
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explained that bright coal contains more cleats while dull layers are
blocky and hard. Similar to elastic modulus, the strength of coal is
also affected by sample size because the larger samples contain
more cleats and therefore the strength decreases signiﬁcantly
(Medhurst and Brown, 1998; Esterle, 2008).
Owing to the mode of deposition and cleat orientation, coal can
be anisotropic and the strength is highest when the major principal
stress is perpendicular to major cleats and it is lowest when the
major principal stress is perpendicular to the bedding plane as
depicted in Fig. 4 (Okubo et al., 2006).
The effect of conﬁning stress on strength of coal is described by a
failure criterion. Fig. 5 shows the ﬁtted MohreCoulomb and Hoeke
Brown failure envelopes over the triaxial data on Canadian Bitu-
minous coals (Gentzis et al., 2007). Note that the values of cohesion,
friction angle, and HoekeBrown parameters presented in this
ﬁgure are within the range for typical bituminous coals.
5.2.3. Poisson’s ratio
Coal has a greater Poisson’s ratio compared to other sedimen-
tary rocks and it can be higher than 0.4 while it usually does not
exceed 0.2 in sandstones and carbonated rocks (Yang et al., 2011).
However, Poisson’s ratio of coal is fairly variable as reported by a
series of experimental data reviewed by Gercek (2007) where
Poisson’s ratio of Turkish coal ranged from 0.15 to 0.49. Poisson’s
ratio of Canadian Bituminous coal was reported to be between 0.28
and 0.48 (Gentzis et al., 2007). The reason for the considerable
difference in the measured values of Poisson’s ratio is not identiﬁed
but it appears to be due to either carbon content and/or cleats. Peng
et al. (2006) have suggested that the Poisson’s ratio for coalFig. 4. The stressestrain curves for uniaxial compression of coal samples at orientations relative to bedding plane, major and minor cleats. x is perpendicular to major cleats and z is
perpendicular to the bedding plane (adopted from Okubo et al., 2006).
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very limited data on this relationship. This effect has been observed
in other types of rocks as well (Gercek, 2007). Also the relationship
between coal rank/carbon content and its Poisson’s ratio was not
found in the literature and as stated by Peng et al. (2006) it needs
experimental investigations.
On the other hand, as mentioned earlier, coal is an anisotropic
material and similar to other parameters, increasing anisotropy can
be observed in Poisson’s ratio as the carbon content increases. Fig. 6
shows the anisotropy in vitrinite (a coal maceral) which implies
that the observed anisotropy in coal is not only because of the
existence of the fractures but also due to the polymeric structure of
coal. It can be seen that coals with carbon content of larger than 90%
can be considerably anisotropic.5.3. Analytical modelling of stress and strain distribution within
coalbeds
As discussed earlier, different geomechanical processes occur
within a coalbed reservoir when injecting CO2. In order to suc-
cessfully model the geomechanical response of coalbeds to CO2
injection, these processes should be considered. However, the
geomechanical modelling needs to be coupled with the reservoir
and adsorption behaviour of coalbeds. Usually, the coupling is
conducted using the deﬁnition of the effective stress which de-
ﬁnes the effect of pressure on mechanical load applied to the
solid matrix of porous media. To ﬁnd the changes in stress and
strain within a reservoir, the deformation equations must be
solved along with strain compatibility equation and equation of
equilibrium. These equations, however, depend on the assump-
tion and boundary conditions of the problem. Due to complexity
of poro-mechanical governing equations, it is generally difﬁcult
to ﬁnd closed-form solutions and hence the solutions can be
usually obtained using numerical techniques. However, to au-
thor’s knowledge, no studies have considered the plastic de-
formations in coalbeds, while plastic deformations can have an
important impact on stress distribution, especially around well-
bores. On the other hand, studies have provided some analytical
solutions being used for poro-elastic modelling of coalbed geo-
sequestration (e.g. Connell and Detournay, 2009; Masoudian
et al., 2013b). Discussion on numerical modelling techniques is
beyond the scope of this paper and only the most widely used
analytical approaches used for geomechanical modelling of
coalbeds are discussed here. Note that the main advantages ofFig. 6. Poisson’s ratio anisotropy of vitrinite vs. 90% carbon content (van Krevelen,
1993).analytical geomechanical models are the ease of implementation
and the very fast computations for permeability models nested in
reservoir models.
5.3.1. Uniaxial deformation model
For an isotropic linear elastic medium in a Cartesian system of
coordinates (x, y and z directions are the directions of major, in-
termediate, and minor principal stresses, respectively), Eq. (20) can
be rewritten as follows:
sxxaP ¼ Eð1þ nÞð12nÞ
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
ε
m
yyþ εmzz
i
þ E
12nε
s
xx
syyaP ¼ Eð1þnÞð12nÞ
h
ð1 nÞεmyyþ n
	
ε
m
xxþ εmzz

iþ E
12nε
s
yy
szzaP ¼ Eð1þ nÞð12nÞ
h
ð1 nÞεmzzþ n

ε
m
xxþ εmyy
i
þ E
12nε
s
zz
9>>>>=
>>>>;
(24)
The assumption of uniaxial vertical deformation has been
widely used in reservoir geomechanics studies as a helpful
simpliﬁcation for reservoir and geomechanical coupling (e.g. Shi
and Durucan, 2005; Connell and Detournay, 2009). Under uniax-
ial vertical strain condition, i.e. εxx¼ εyy¼ 0, and assuming isotropic
sorption strain and horizontal symmetry of the problem, the stress
and strainwithin the reservoir can be estimated using the following
equation:
sxx ¼ syy ¼ n1 n szz þ
1 2n
1 n aP þ
E
3ð1 nÞε
s
v
εzz ¼ 1E ½  nðsrr þ sqqÞ  ð1 2nÞaP
9>>=
>>;
(25)
5.3.2. Plane-strain model
Coal seams are often horizontal and are surrounded by
stronger and thicker formations above and beneath them (Cui
et al., 2007). The strong formations above and beneath coal
seams prevent them from undergoing large vertical de-
formations. Therefore, when studying stress and/or strain around
a wellbore drilled in a coal seam, a plane-strain model can be a
useful tool. Masoudian (2013) found the stress and strain distri-
bution within a disk-shaped isotropic elastic reservoir under a
plane-strain condition. In order to achieve this, the following
equations of equilibrium and strain compatibility can be
considered in polar coordinates:
vs0rr
vr
¼ s
0
qq  s0rr
r
(26)
vεqq
vr
¼ εrr  εqq
r
(27)
while the elastic strainestress equations can be written:
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Combining these three equations (Eqs. (26)e(28)), the stress
distribution within a coal seam in which CO2 is being injected is
obtained as
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can be determined when the boundary conditions are applied to
the equations. Assuming that the stresses at the wellbore and the
outer boundary of the coal seam are constant, the integration
constants are
C1 ¼ Pwr2w
C2 ¼
1
r2or2w
2
4sor2oPwr2w12n1n
Zro
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3ð1nÞ
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3
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(30)
where ro is the outer boundary radius; Pw and so are the injection
pressure at thewellbore and the stress on the outer boundary of the
coal seam, respectively. Note that these relationships for stresses
and strains can be expressed in the rate formwhich makes it easier
to deal with a variety of problems with complex boundary condi-
tions as explained by Masoudian (2013). Additional formulations
for different boundary conditions and stressestrain regimes can be
found in Cui et al. (2007).Fig. 7. The effect of CO2 on elastic modulus (a) and strength (b) of coal (Masoudian
et al., 2014).6. Changes in properties of coalbeds due to CO2 injection
6.1. Changes in permeability
The permeability of coalbeds changes during geosequestration
and ECBM recovery due to twomechanisms: alteration of the stress
ﬁeld distribution, and swelling/shrinkage of the coal matrix. The
former mechanism happens because of depletion (in CBM) or in-
jection (ECBM and/or CO2 geosequestration) and the latter may
take place due to the sorption of gas onto coal microporous surface.
Many studies have tried to model the changes in the permeability
of coalbeds as a result of adsorption-induced swelling and changes
in effective stress.
Generally, two approaches have been employed to model the
permeability of coal, i.e. relating the permeability to either porosity
or stress. The basic equation to relate the change in permeability to
the change in porosity can be written below:
k
k0
¼

f
f0
3
(31)
where the subscript “0” denotes the initial values. Using this rela-
tionship, Palmer and Mansoori (1996) developed a porosity-based
model which can be presented below:
k
k0
¼

1þ P  P0
M40
þ ε
s
max
f0

K
M
 1

P0
Pε þ P0
 P
Pε þ P
3
(32)where the swelling strain is estimated using swelling models (e.g.
Eq. (16)), while K and M are the bulk modulus and the constrained
axial modulus, respectively, as deﬁned below:
K ¼ E
3ð1 2nÞ
M ¼ Eð1 nÞð1þ nÞð1 2nÞ
9>>=
>>;
(33)
On the other hand, the most widely used equation for stress-
based permeability models relates the permeability to the change
in the horizontal effective stress which can be written as
k
k0
¼ exp
h
 3cf ðs0h  s0h0Þ
i
(34)
where the subscript “h” denotes the horizontal direction and cf is
the fracture compressibility deﬁned when discussing ﬂow equa-
tions. Shi and Durucan (2005) developed the most widely used
stress-based permeability model in which the change in horizontal
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other words, they substituted Eqs. (16) and (25) into Eq. (34) and
assumed that the vertical stress is constant, the permeability model
then can be written as
k
k0
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3cf

 n
1naðPP0Þþ
E
3ð1nÞ

P0
PεþP0
 P
PεþP

(35)
In addition to this model, one can ﬁnd different permeability
models by substituting other horizontal stress expressions. For
example, one can use the mean horizontal effective stress esti-
mated by a plane-strain model (i.e. Eq. (29)) to estimate the
permeability within a coal seam (e.g. Cui et al., 2007). The nu-
merical models can also be used to determine the change in hori-
zontal stress and then the permeability can be estimated.
Predicting the permeability of coal seam is one of the most
important studies in reservoir engineering and there exist a few
papers providing comprehensive reviews of permeability models
for coalbeds (e.g. Pan and Connell, 2012). Thus, permeability
models will not be discussed further in this paper, although the
effect of geomechanical parameters on permeability predictionwill
be discussed later.6.2. Changes in elastic modulus and strength
It has been shown that vapour and gas sorption can affect the
mechanical properties of solid bodies (Czaplinski and Ho1da, 1982).
Only limited data are available regarding the effect of gas sorption
on mechanical properties of coal. Recent experiments on brown
(Viete and Ranjith, 2006) and bituminous coal (Viete and Ranjith,
2006; Masoudian et al., 2013a, 2014; Wang et al., 2013a; Vishal
et al., 2015) have shown changes in stiffness and strength. Fig. 7
shows the experimental results that display how the adsorption
of CO2 results in reductions in elastic modulus and strength of coal.
Note that the ﬁtted MohreCoulomb and HoekeBrown failure
criteria are also shown for CO2 saturated coal. Fig. 8 illustrates the
stressestrain curves of two black coal samples saturatedwithwater
and CO2 and it can be seen that the strength of CO2 saturated
sample is signiﬁcantly lower than that of water saturated sample.
The microstructures of unplasticised and plasticised polymers
have been studied for decades and many investigations have
conﬁrmed a signiﬁcant change in polymer surface appearance as a
result of plasticisation. Fig. 9 shows typical SEM images (Gezovich
and Geil, 1971) of the effect of adding a plasticiser on the micro-
structure of polyvinylchloride (PVC). It can be seen that adding
plasticiser (dioctylphthalate) decreases the surface roughness andFig. 8. Stressestrain curves for CO2 and water saturated coal (injection pressure and
conﬁning stress of 1.0 MPa) (Masoudian et al., 2013b).crystalline texture. Fig. 10 shows typical SEM images of water
saturated and CO2 saturated coal. It can be seen that there has been
a signiﬁcant change in the appearance of the coal, and the well-
deﬁned structure of the water saturated specimen is not as
clearly visible in the CO2 saturated specimen. Similar to the changes
observed in SEM images of plasticised polymers, the surface of CO2
saturated coal is smooth and it can be attributed to the plasticising
effect of CO2, i.e. shortening the polymer chains and reducting
entanglements between the shortened chains.
It should be noted that the plasticising effect of CO2 has not
observed in all microscopic studies (e.g. Hol et al., 2012b). In order
to prove the plasticisation effect of CO2 on coal, further microscopic
studies of the coal macerals and their response to CO2 adsorption
would be helpful. In addition, as Kutchko et al. (2013) explained, all
of the current studies have investigated the microstructure of coal
before and after exposure to CO2 rather than under in-situ condi-
tions. Thus, improvements in the methodology of microscopic
studies would be also helpful to shed a light on the effect of CO2 on
microstructure of coal.
7. The role of geomechanical properties in reservoir and
geomechanical aspects of CO2 sequestration
7.1. The role of elastic modulus
Elastic modulus is an important factor in permeability pre-
dictions in coal seams as the swelling-induced stress is propor-
tionally related to elastic modulus (see Eqs. (32) and (35)). Levine
(1996) and Balan and Gumrah (2009) analysed the inﬂuence of
elastic modulus during methane production from a coal seam and
found that a lower elastic modulus resulted in a higher value of
permeability (see Fig. 11), and estimates of the amount of produc-
ible methane will be different (Fig. 12). This is due to the fact that
the lower elastic modulus results in a greater shrinkage of the coal
matrix and therefore the increase in permeability is larger during
CBM operation. Also, during CO2-ECBM, the swelling will be higher
with lower elastic modulus and therefore the permeability reduc-
tion is larger which results in a lower production of methane. They
also stated that elastic modulus is the second most important
parameter in permeability prediction and reservoir simulation after
initial cleat porosity.
The mechanical response of a coal seam to CO2 injection is very
important in the assessment of fault/fracture reactivation, cap rock
integrity, ground surface movement, and wellbore stability anal-
ysis. There are a few hydro-mechanical models that have been used
to study the mechanical response of coalbeds to CO2 injection (e.g.
Li et al., 2006; Connell and Detournay, 2009; Liu and Smirnov,
2009; Chen et al., 2010), but these models have not been used to
study the possible fault reactivation, surface subsidence/uplift or
the mechanical integrity of wellbore and their consequent leakage
risks. In order to highlight these aspects, the results of a sensitivity
analysis conducted by Chen (2011) were presented in which the
effect of the mechanical properties of a hydrocarbon reservoir on
the ground surface movements in response to ﬂuid injection was
studied. It should be noted that these results may be not directly
applicable to coal seams but they provide a qualitative sense of the
importance of the mechanical parameters. For example, Fig. 13
shows that higher values of the elastic modulus of the reservoir
can increase the ground surface displacement. Although the values
of uplift predicted in this example are not signiﬁcant, they will
depend on the production rate and structural geology of the ﬁeld,
and the potential for the subsidence/uplift could be much larger.
For example, the deformation in the surrounding rock masses may
result in fracture/fault reactivations and consequently gas leakage
to the surface and additional ground movement and subsidence/
Fig. 9. SEM images of (a) unplasticised and (b) dioctylphthalate plasticised PVC (Gezovich and Geil, 1971).
Fig. 10. SEM images of (a) water saturated coal and (b) CO2 saturated coal (Masoudian et al., 2013b).
Fig. 11. Effect of elastic modulus of coal on permeability prediction (Levine, 1996).
Fig. 12. Inﬂuence of elastic modulus on the amount of recoverable methane from a
coalbed (adopted from Balan and Gumrah, 2009).
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et al. (2012) reviewed the published information on hydrocarbon
production-induced subsidence and stated that annual subsidence
rates of several centimetres per year are common and total subsi-
dence of up to nearly 10 m has been reported. In addition to the
damage to the injection/production facilities (well casing, wellhead
equipment, etc.), the damage to the existing surface structures due
to ground movements can be signiﬁcant, and on rare occasions
disastrous. As an example, the failure of the Baldwin Hills Dam is
believed to be due to fault reactivation as a result of water injection
into the nearby oilﬁeld conducted as a production enhancing
measure (Hamilton and Meehan, 1971).Fig. 13. Sensitivity of the ground surface subsidence to elastic modulus value (Chen,
2011).
Fig. 15. Inﬂuence of Poisson’s ratio on the predicted permeability during methane
production from a coalbed (Levine, 1996).
Fig. 16. The inﬂuence of Poisson’s ratio on the amount of recoverable methane from
coalbed (adopted from Balan and Gumrah, 2009).
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The mechanical strength of coal can be crucial in CO2 seques-
tration operations in both reservoir performance and safety aspects
since it affects the post-failure permeability of coal (Viete and
Ranjith, 2006; Wang et al., 2013b). Experiments conducted by
Wang and Park (2002) on mudstones and sandstones showed that
permeability decreases in the early stages of triaxial compression
and then starts to increase in the non-elastic pre-failure deforma-
tion stage. Permeability keeps increasing to a peak in the post-
failure stage when the newly produced fractures provide the
maximum permeability, and then it drops during the residual stage
(see Fig. 14aec). A similar effect has been observed in Australian
brown coals by Viete and Ranjith (2006), although brown coal has
shown a ductile failure (see Fig. 14d). These observations imply that
coal deformation and failure may affect the reservoir performance
of a coal seam.
7.3. The role of Poisson’s ratio
Since the value of Poisson’s ratio inﬂuences the calculated
reservoir effective stress due to reservoir compaction/expansion
(see Eqs. (32) and (35)), it can also affect the permeability predic-
tion and therefore an accurate assessment of Poisson’s ratio is
required. Fig. 15 shows the results of a sensitivity analysis per-
formed by Levine (1996) where the change in the value of Poisson’s
ratio has inﬂuenced the predicted permeability changes in a coal-
bed, with a more signiﬁcant inﬂuence when Poisson’s ratio is
higher. The effect of Poisson’s ratio on methane recovery from a
coalbed has been investigated in a more recent study by Balan and
Gumrah (2009). As shown in Fig. 16, the methane recovery is
signiﬁcantly higher with a larger Poisson’s ratio during ECBM
operation although the effect is not signiﬁcant during CBM opera-
tion. This is expected because during ECBM, the effect of
adsorption-induced swelling somewhat cancels the effect of
desorption-induced shrinkage on permeability which helps the
reservoir compaction/expansion to be the main controlling factorFig. 14. Permeability during triaxial compression on (a) mudstone (Wang and Park, 2002), (b
coal (Viete and Ranjith, 2006).in permeability calculation, while in case of CBM, the effects of
shrinkage and compaction are of the same order.
On the other hand, Poisson’s ratio is important in structural
analysis of the coal reservoir. Many studies have investigated the
effect of Poisson’s ratio of other reservoirs on themovement of rock
masses above the reservoir (e.g. Chen, 2011; Segura et al., 2011;) sandy shale (Wang and Park, 2002), (c) ﬁne sandstone (Wang and Park, 2002), and (d)
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Poisson’s ratio can have a signiﬁcant effect on the surface uplift of a
hydrocarbon reservoir (Fig. 17). Lower Poisson’s ratio results in a
larger movement of ground surface so that in this example, the
predicted uplift with n ¼ 0.2 is almost twice that with n ¼ 0.4.8. Recommendations for future research
8.1. Knowledge gaps in adsorption and reservoir behaviour of
coalbeds
A wide range of experimental and theoretical studies has been
performed to investigate the mass transport mechanisms occurring
in CO2-ECBM and geosequestration. However, the available data
cannot be simply applied to in-situ conditions at elevated tem-
perature and pressure. Thus, more experimental studies need to be
conducted to enable analysing the subsurface material transport
under in-situ conditions. The review has indicated a number of
shortcomings in our understanding of the chemical and hydraulic
responses of coalbeds during sequestration of CO2 that are sum-
marised below.
(1) Molecular and porous structure of coal. A comprehensive
knowledge about the structure of both macro- and micropo-
rosity (or even mesoporosity) of coal is required to understand
the ﬂow and transport mechanism of CO2 in coal. However, it
has been a long-term issue, and different and even contradic-
tory theories have been presented. New advanced technologies
that allow direct observation of coal structure, such as X-ray
tomography, can improve the current knowledge of gas
transport in coal. In particular, knowledge of the alteration of
the molecular and porous structure of coal in the presence of
CO2 should be possible as direct observation techniques
advance. This could signiﬁcantly change and improve the cur-
rent models for adsorption, diffusion and swelling of coal.
(2) Adsorption mechanisms. The assumed adsorption model has a
signiﬁcant effect on the estimated gas storage. There remain
uncertainties about competitive sorption and the effects of
temperature, pressure and phase, and how these vary with coal
rank, porosity and stress level.
(3) Gas permeability. Gas storage and production estimates
depend on the permeability and its change as CO2 is adsorbed.
Uncertainties remain about the coupling of swelling and me-
chanical changes that affect the permeability estimations, and
there are limited experimental and numerical studies that
describe the permeability of water/gas mixtures in coal.Fig. 17. Inﬂuence of Poisson’s ratio on the vertical displacement of the ground surface
due to a change in pore pressure (Chen, 2011).(4) Gas diffusion. The database on diffusion of CO2 into coal is
limited and the inﬂuence of coal rank and porosity is not well
understood. Further experiments on solid coal specimens are
required to extend the database and understand the effects of
gas mixture, pressure, temperature and effective stress. In
addition, innovative experimental investigations and model-
ling efforts are required to overcome the shortcomings in the
area of adsorption. One of these innovative approaches can be
the integrated estimation of transport properties of CO2 in coal.
(5) Reservoir simulation. The main problemwith current reservoir
simulators is the inaccuracy of the quasi-steady state matrix-
fracture transfer function. On the other hand, the use of more
recent matrix-fracture transfer functions may not numerically
feasible. For example, the transient function presented in this
paper is numerically expensive. Hence new models or algo-
rithms are required to enhance the applicability of the transient
matrix-fracture transfer function by simultaneously decreasing
the computational needs and increasing the accuracy.8.2. Knowledge gaps in geomechanical behaviour of coalbeds
It is believed that the geomechanical aspects of coalbed geo-
sequestration are important in assessing the storage capacity and
gas ﬂowmechanisms. On the other hand, geomechanical aspects of
CO2 sequestration sites are the key factors in safety assessment of a
speciﬁc sequestration project. As can be seen from the review
above, the geomechanical aspects of CO2 sequestration in coal
seams are notwell studied and understood. Themain shortcomings
identiﬁed related to the geomechanical response of coal seams are
summarised below:
(1) Swelling. It is well established that volume changes occur when
coal is saturated with CO2. However, the magnitude and sign of
the volume change and how these are related to properties of
the coal need further investigation. In addition, the effect of
effective stress on the adsorption-induced swelling of coal has
been neglected in most studies.
(2) Geomechanical characterisation of coalbeds. The relationship
between coal composition (e.g. carbon content) and its me-
chanical parameters has not been well investigated, especially
the anisotropy of coal needs to be studied extensively. It can be
helpful to study the mechanical properties of bulk coal and coal
matrix separately. Moreover, the effect of temperature can be of
importance when characterising the mechanics of coal seams
since it can help to understand the mechanical and hydraulic
behaviours of coal under in-situ conditions.
(3) The effect of CO2/methane saturation on geomechanical
behaviour of coal. Only limited data are available concerning
the change in mechanical properties of coal but an extension to
those studies could be conducting experiments at high (in-situ)
pressure/temperature and also the effect of gas desaturation. In
addition, the inﬂuence of altered elastic modulus on perme-
ability and reservoir performance is of importance.
(4) The deformation regime in coalbeds. Almost all of the existing
studies have assumed that all deformations within coalbeds are
in elastic regime. Experimental and numerical studies are
required to enhance the understanding of the effect of failure
and plastic deformations on reservoir and mechanical behav-
iours of coalbeds.
(5) Modelling of stress and strain within coalbeds. The analytical
solutions can provide useful tools to increase the computa-
tional efﬁciency of coupled hydro-mechanical coalbed simu-
lators. Only few studies have provided analytical solution for
stress and strain distributions within coal seam. Thus, new
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complex reservoir geometries which consequently leads to
better permeability models and reservoir simulation
techniques.
(6) Geomechanical response of rock mass above coal seam.
Studying the ground movement in response of CO2 injection is
vital to the viability of a coalbed sequestration project and
elastic modulus is one of the most important parameters in its
geomechanical aspects. Further study is required to enable
predicting the hydraulic and mechanical integrity of cap rock
and subsidence/uplift of the ground surface during CO2
sequestration in coal seams.
(7) Induced tectonic/seismic activities. In order to assess the
integrity and safety of storage sites, experimental and numer-
ical studies are required to investigate the effect of tectonic
activities of the Earth, fault reactivation, and the injection-
induced micro-seismicity.
9. Conclusions
The processes associated with coalbed geosequestration of CO2
can be classiﬁed into three categories of adsorption, reservoir and
geomechanical behaviours. In addition, these three behaviours
have complex interactions. The adsorption and reservoir behav-
iours have received a considerable attention while the geo-
mechanical behaviour of coalbeds has received little studies. This
paper provided a summary of these three aspects of CO2 seques-
tration with a special reference to the geomechanical behaviour of
coalbeds. This paper illustrated the importance of geomechanical
parameters in geosequestration operations and their impacts on
reservoir and geomechanical behaviours of coalbeds. A range of
analytical tools useful for modelling of the CO2 sequestration was
introduced and the mathematical complexity of different behav-
iours and their interactions was depicted. This paper identiﬁed a
range of knowledge gaps which open new gateways to geo-
scientists and geo-engineers to contribute in extending the current
understanding on the safety and storage integrity of the coalbeds
and the risks associated with CO2 geosequestration and ECBM
operations.
Conﬂict of interest
The author wishes to conﬁrm that there are no known conﬂicts
of interest associated with this publication and there has been no
signiﬁcant ﬁnancial support for this work that could have inﬂu-
enced its outcome.
References
Alexeev AD, Vasilenko TA, Ulyanova EV. Closed porosity in fossil coals. Fuel
1999;78(6):635e8.
Aziz K, Settari A. Petroleum reservoir simulation. London: Applied Science Pub-
lishers Ltd.; 1979.
Azmi AS, Yusup S, Muhamad S. The inﬂuence of temperature on adsorption capacity
of Malaysian coal. Chemical Engineering and Processing: Process Intensiﬁcation
2006;45(5):392e6.
Bachu S. Screening and ranking of sedimentary basins for sequestration of CO2 in
geological media in response to climate change. Environmental Geology
2003;44(3):277e89.
Bae JS, Bhatia SK. High-pressure adsorption of methane and carbon dioxide on coal.
Energy & Fuels 2006;20(6):2599e607.
Balan HO, Gumrah F. Assessment of shrinkageeswelling inﬂuences in coal seams
using rank-dependent physical coal properties. International Journal of Coal
Geology 2009;77(1e2):203e13.
Balek V, de Koranyi A. Diagnostics of structural alterations in coal: porosity changes
with pyrolysis temperature. Fuel 1990;69(12):1502e6.
Battistutta E, van Hemert P, Lutynski M, Bruining H, Wolf KH. Swelling and sorption
experiments on methane, nitrogen and carbon dioxide on dry Selar Cornish
coal. International Journal of Coal Geology 2010;84(1):39e48.Biot MA. General theory of three-dimensional consolidation. Journal of Applied
Physics 1941;12(2):155e64.
Botnen LS, Fisher DW, Dobroskok AA, Bratton TR, Greaves KH, McLendon TR,
Steiner G, Sorensen JA, Steadman EN, Harju JA. Field test of CO2 injection
and storage in lignite coal seam in North Dakota. Energy Procedia 2009;1(1):
2013e9.
Brochard L, Vandamme M, Pellenq RJM, Fen-Chong T. Adsorption-induced defor-
mation of microporous materials: coal swelling induced by CO2eCH4 compet-
itive adsorption. Langmuir 2012;28(5):2659e70.
Brown ET, Bray JW, Santarelli FJ. Inﬂuence of stress-dependent elastic moduli on
stresses and strains around axisymmetric boreholes. Rock Mechanics and Rock
Engineering 1989;22(3):189e203.
Busch A, Gensterblum Y. CBM and CO2-ECBM related sorption processes in coal: a
review. International Journal of Coal Geology 2011;87(2):49e71.
Busch A, Krooss BM, Gensterblum Y, van Bergen F, Pagnier HJM. High-pressure
adsorption of methane, carbon dioxide and their mixtures on coals with a
special focus on the preferential sorption behaviour. Journal of Geochemical
Exploration 2003a;78e79:671e4.
Busch A, Gensterblum Y, Krooss BM. Methane and CO2 sorption and desorption
measurements on dry Argonne premium coals: pure components and mixtures.
International Journal of Coal Geology 2003b;55(2e4):205e24.
Busch A, Gensterblum Y, Krooss BM, Littke R. Methane and carbon dioxide
adsorptionediffusion experiments on coal: upscaling and modeling. Interna-
tional Journal of Coal Geology 2004;60(2e4):151e68.
Busch A, Gensterblum Y, Krooss BM, Siemons N. Investigation of high-pressure
selective adsorption/desorption behaviour of CO2 and CH4 on coals: an
experimental study. International Journal of Coal Geology 2006;66(1e2):
53e68.
Bustin RM, Ross JV, Moffat I. Vitrinite anisotropy under differential stress and high
conﬁning pressure and temperature: preliminary observations. International
Journal of Coal Geology 1986;6(4):343e51.
Ceglarska-Stefanska G, Brzóska K. The effect of coal metamorphism on methane
desorption. Fuel 1998;77(6):645e8.
Chan AW, Zoback MD. The role of hydrocarbon production on land subsidence and
fault reactivation in the Louisiana coastal zone. Journal of Coastal Research
2007;23(3):771e86.
Charrière D, Pokryszka Z, Behra P. Effect of pressure and temperature on diffusion of
CO2 and CH4 into coal from the Lorraine basin (France). International Journal of
Coal Geology 2010;81(4):373e80.
Chen ZR. Poroelastic model for induced stresses and deformations in hydrocarbon
and geothermal reservoirs. Journal of Petroleum Science and Engineering
2011;80(1):41e52.
Chen Z, Liu J, Elsworth D, Connell LD, Pan Z. Impact of CO2 injection and differential
deformation on CO2 injectivity under in-situ stress conditions. International
Journal of Coal Geology 2010;81(2):97e108.
Clarkson CR, Bustin RM. Variation in permeability with lithotype and maceral
composition of Cretaceous coals of the Canadian Cordillera. International
Journal of Coal Geology 1997;33(2):135e51.
Clarkson CR, Bustin RM. The effect of pore structure and gas pressure upon the
transport properties of coal: a laboratory and modeling study. 2. Adsorption
rate modeling. Fuel 1999;78(11):1345e62.
Clarkson CR, Bustin RM. Binary gas adsorption/desorption isotherms: effect of
moisture and coal composition upon carbon dioxide selectivity over methane.
International Journal of Coal Geology 2000;42(4):241e71.
Clarkson CR, Bustin RM, Levy JH. Application of the mono/multilayer and adsorp-
tion potential theories to coal methane adsorption isotherms at elevated tem-
perture and pressure. Carbon 1997;35(12):1689e705.
Connell LD, Detournay C. Coupled ﬂow and geomechanical processes during
enhanced coal seam methane recovery through CO2 sequestration. Interna-
tional Journal of Coal Geology 2009;77(1e2):222e33.
Connell LD, Lu M. A dual-porosity model for gas reservoir ﬂow incorporating
adsorption behaviourdpart II. Numerical algorithm and example applications.
Transport in Porous Media 2007;69(2):139e58.
Corkum AG, Martin CD. The mechanical behaviour of weak mudstone (Opalinus
Clay) at low stresses. International Journal of Rock Mechanics and Mining Sci-
ences 2007;44(2):196e209.
Cui X, Bustin RM, Dipple G. Selective transport of CO2, CH4, and N2 in coals:
insights from modeling of experimental gas adsorption data. Fuel
2004;83(3):293e303.
Cui X, Bustin RM, Chikatamarla L. Adsorption-induced coal swelling and stress:
implications for methane production and acid gas sequestration into coal
seams. Journal of Geophysical Research: Solid Earth 2007;112(B10). http://
dx.doi.org/10.1029/2004JB003482.
Czaplinski A, Ho1da S. Changes in mechanical properties of coal due to sorption of
carbon dioxide vapour. Fuel 1982;61(12):1281e2.
Dai A. Drought under global warming: a review. Wiley Interdisciplinary Reviews:
Climate Change 2011;2(1):45e65.
Daines ME. Apparatus for the determination of methane sorption on coal at high
pressures by a weighing method. International Journal of Rock Mechanics and
Mining Sciences & Geomechanics Abstracts 1968;5(4):315e23.
Davis RO, Selvadurai APS. Plasticity and geomechanics. Cambridge University Press;
2002.
Day S, Duffy G, Sakurovs R, Weir S. Effect of coal properties on CO2 sorption capacity
under supercritical conditions. International Journal of Greenhouse Gas Control
2008a;2(3):342e52.
M.S. Masoudian / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 93e112110Day S, Fry R, Sakurovs R. Swelling of Australian coals in supercritical CO2. Inter-
national Journal of Coal Geology 2008b;74(1):41e52.
Day S, Sakurovs R, Weir S. Supercritical gas sorption on moist coals. International
Journal of Coal Geology 2008c;74(3e4):203e14.
Day S, Fry R, Sakurovs R, Weir S. Swelling of coals by supercritical gases and its
relationship to sorption. Energy & Fuels 2010;24(4):2777e83.
Detournay E, Cheng AHD. Fundamental of poroelasticity. In: Fairhurst C, editor.
Comprehensive rock engineering: principles, practice, and projects, vol. II,
analysis and design method. Pergamon Press; 1993. p. 113e71.
Dollimore D, Spooner P, Turner A. The BET method of analysis of gas adsorption
data and its relevance to the calculation of surface areas. Surface Technology
1976;4(2):121e60.
Durucan S, Ahsanb M, Shia J. Matrix shrinkage and swelling characteristics of Eu-
ropean coals. Energy Procedia 2009;1(1):3055e62.
Dutta P, Harpalani S, Prusty B. Modeling of CO2 sorption on coal. Fuel 2008;87(10e
11):2023e36.
Esterle JS. Mining and beneﬁciation. In: Suárez-Ruiz I, Crelling JC, editors. Applied
coal petrology: the role of petrology in coal utilization. Acadmic Press; 2008.
Fei WB, Li Q, Wei XC, Song RR, Jing M, Li XC. Interaction analysis for CO2 geological
storage and underground coal mining in Ordos Basin, China. Engineering Ge-
ology 2015;196:194e209.
Flores RM. Coalbed methane: from hazard to resource. International Journal of Coal
Geology 1998;35(1e4):3e26.
Flores RM. Coalbed methane in the Powder River Basin, Wyoming and Montana: an
assessment of the tertiary-upper cretaceous coalbed methane total petroleum
system. U.S. Geological Survey Digital Data Series DDS-69-C; 2004.
Gale J. Using coal seams for CO2 sequestration. Geologica Belgica 2004;7(3e4):99e
103.
Gale J, Freund P. Coal-bed methane enhancement with CO2 sequestration world-
wide potential. Environmental Geosciences 2001;8(3):210e7.
Gamson PD, Beamish BB, Johnson DP. Coal microstructure and micropermeability
and their effects on natural gas recovery. Fuel 1993;72(1):87e99.
Gan H, Nandi SP, Walker Jr PL. Nature of the porosity in American coals. Fuel
1972;51(4):272e7.
Gash BW, Volz RF, Potter G, Corgan JM. The effects of cleat orientation and conﬁning
pressure on cleat porosity, permeability and relative permeability in coal. In:
International Coalbed Methane Symposium. Tuscaloosa, USA: The University of
Alabama; 1993. p. 247e55.
Gensterblum Y, Ghanizadeh A, Krooss BM. Gas permeability measurements on
Australian subbituminous coals: ﬂuid dynamic and poroelastic aspects. Journal
of Natural Gas Science and Engineering 2014;19:202e14.
Gentzis T. Subsurface sequestration of carbon dioxidedan overview from an
Alberta (Canada) perspective. International Journal of Coal Geology 2000;43(1e
4):287e305.
Gentzis T. Stability analysis of an horizontal coalbed methane well in the Rocky
Mountain Front Ranges of southeast British Columbia, Canada. International
Journal of Coal Geology 2009;77(3e4):328e37.
Gentzis T, Deisman N, Chalaturnyk RJ. Geomechanical properties and permeability
of coals from the foothills and mountain regions of Western Canada. Interna-
tional Journal of Coal Geology 2007;69(3):153e64.
Gercek H. Poisson’s ratio values for rocks. International Journal of Rock Mechanics
and Mining Sciences 2007;44(1):1e13.
Gezovich DM, Geil PH. Morphology of plasticized polyvinylchloride. International
Journal of Polymeric Materials and Polymeric Biomaterials 1971;1(1):3e16.
Green TK, Pan WP, Clark M. Glass transition temperature of modiﬁed coals. In:
AmericanChemical Society Symposium.Atlanta:Divisionof Fuel Chemistry; 1991.
Hall PJ, Brown SD, Calo JM. The pore structure of the Argonne coals as interpreted
from contrast matching small angle neutron scattering. Fuel 2000;79(11):
1327e32.
Hamilton DH, Meehan RL. Ground rupture in the Baldwin Hills. Science
1971;172(3981):333e44.
Hansen J, Johnson D, Lacis A, Lebedeff S, Lee P, Rind D, Russell G. Climate impact of
increasing atmospheric carbon dioxide. Science 1981;213(4511):957e66.
Harpalani S, Zhao X. Microstructure of coal and its inﬂuence on ﬂow of gas. Energy
Sources, Part A: Recovery, Utilization, and Environmental Effects 1991;13(2):
229e42.
Harris LA, Yust CS. Transmission electron microscope observations of porosity in
coal. Fuel 1976;55(3):233e6.
Helm D. Climate policy: the Kyoto approach has failed. Nature 2012;491(7426):
663e5.
Henderson N, Flores E, Sampaio M, Freitas L, Platt GM. Supercritical ﬂuid ﬂow in
porous media: modeling and simulation. Chemical Engineering Science
2005;60(7):1797e808.
Hol S, Peach CJ, Spiers CJ. Applied stress reduces the CO2 sorption capacity of coal.
International Journal of Coal Geology 2011;85(1):128e42.
Hol S, Peach CJ, Spiers CJ. Effect of 3-D stress state on adsorption of CO2 by coal.
International Journal of Coal Geology 2012a;93:1e15.
Hol S, Spiers CJ, Peach CJ. Microfracturing of coal due to interaction with CO2 under
unconﬁned conditions. Fuel 2012b;97:569e84.
Intergovernmental Panel on Climate Change (IPCC). The IPCC special report on
carbon dioxide capture and storage. Cambridge: Cambridge University Press;
2005.
Jod1owski GS, Baran P, Wójcik M, Nodzenski A, Porada St, Milewska-Duda J. Sorption
of methane and carbon dioxide mixtures in Polish hard coals considered interms of adsorption-absorption model. Applied Surface Science 2007;253(13):
5732e5.
Joubert JI, Grein CT, Bienstock D. Sorption of methane in moist coal. Fuel
1973;52(3):181e5.
Joubert JI, Grein CT, Bienstock D. Effect of moisture on the methane capacity of
American coals. Fuel 1974;53(3):186e91.
Kabe T, Ishihara A, Qian EW, Sutrisna IP, Kabe Y. Coal and coal-related compounds:
structures, reactivity and catalytic reactions. AmsterdameLondon: Elsevier
Science; 2004.
Karacan CÖ. Swelling-induced volumetric strains internal to a stressed coal asso-
ciated with CO2 sorption. International Journal of Coal Geology 2007;72(3e4):
209e20.
Katyal S, Valix M, Thambimuthu K. Study of parameters affecting enhanced coalbed
methane recovery. Energy Sources, Part A: Recovery, Utilization, and Environ-
mental Effects 2007;29(3):193e205.
Kokes RJ, Long FA. Diffusion of organic vapors into polyvinyl acetate. Journal of the
American Chemical Society 1953;75(24):6142e6.
Krooss BM, van Bergen F, Gensterblum Y, Siemons N, Pagnier HJM, David P. High-
pressure methane and carbon dioxide adsorption on dry and moisture-
equilibrated Pennsylvanian coals. International Journal of Coal Geology
2002;51(2):69e92.
Krzesinska M, Pilawa B, Pusz S. The physical parameters of different rank coals
related to their degree of cross-linking and the caking ability. Energy & Fuels
2006;20(3):1103e10.
Kutchko BG, Goodman AL, Rosenbaum E, Natesakhawat S, Wagner K. Charac-
terization of coal before and after supercritical CO2 exposure via feature
relocation using ﬁeld-emission scanning electron microscopy. Fuel 2013;107:
777e86.
Langmuir I. The adsorption of gases on plane surfaces of glass, mica and platinum.
Journal of American Chemical Society 1918;40(9):1361e403.
Larsen JW. The effects of dissolved CO2 on coal structure and properties. Interna-
tional Journal of Coal Geology 2004;57(1):63e70.
Lashof DA, Ahuja DR. Relative contributions of greenhouse gas emissions to global
warming. Nature 1990;344(6266):529e31.
Laubach SE, Marrett RA, Olson JE, Scott AR. Characteristics and origins of coal cleat:
a review. International Journal of Coal Geology 1998;35(1e4):175e207.
Laxminarayana C, Crosdale PJ. Role of coal type and rank on methane sorption
characteristics of Bowen Basin, Australia coals. International Journal of Coal
Geology 1999;40(4):309e25.
Levine JR. Model study of the inﬂuence of matrix shrinkage on absolute perme-
ability of coal bed reservoirs. Geological Society, London, Special Publications
1996;109(1):197e212.
Levy JH, Day SJ, Killingley JS. Methane capacities of Bowen Basin coals related to
coal properties. Fuel 1997;76(9):813e9.
Li X, Fang Z. Current status and technical challenges of CO2 storage in coal seams
and enhanced coalbed methane recovery: an overview. International Journal of
Coal Science & Technology 2014;1(1):93e102.
Li Q, Wu Z, Bai Y, Yin X, Li X. Thermo-hydro-mechanical modeling of CO2 seques-
tration system around fault environment. Pure and Applied Geophysics
2006;163(11e12):2585e93.
Li Q, Fei W, Liu X, Wei X, Jing M, Li X. Challenging combination of CO2 geological
storage and coal mining in the Ordos basin, China. Greenhouse Gases: Science
and Technology 2014;4(4):452e67.
Liu G, Smirnov AV. Modeling of carbon sequestration in coal-beds: a variable
saturated simulation. Energy Conversion and Management 2008;49(10):2849e
58.
Liu G, Smirnov AV. Carbon sequestration in coal-beds with structural deformation
effects. Energy Conversion and Management 2009;50(6):1586e94.
Liu J, Chen Z, Elsworth D, Qu H, Chen D. Interactions of multiple processes during
CBM extraction: a critical review. International Journal of Coal Geology
2011;87(3e4):175e89.
Liu SQ, Sang SX, Liu HH, Zhu QP. Growth characteristics and genetic types of pores
and fractures in a high-rank coal reservoir of the southern Qinshui basin. Ore
Geology Reviews 2015;64:140e51.
Lu M, Connell L. A dual-porosity model for gas reservoir ﬂow incorporating
adsorption behaviourdpart I. Theoretical development and asymptotic ana-
lyses. Transport in Porous Media 2007;68(2):153e73.
Lu M, Connell LD. Dual porosity processes in coal seam reservoirs. In: SPE Asia
Paciﬁc Oil and Gas Conference and Exhibition. Brisbane, Australia: Society of
Petroleum Engineers (SPE); 2010.
Lu M, Connell L. A statistical representation of the matrix-fracture transfer function
for porous media. Transport in Porous Media 2011;86(3):777e803.
Lucht LM, Larson JM, Peppas NA. Macromolecular structure of coals. 9. Molec-
ular structure and glass transition temperature. Energy & Fuels 1987;1(1):
56e8.
Markowski AK. Coalbed methane resource potential and current prospects in
Pennsylvania. International Journal of Coal Geology 1998;38(1e2):137e59.
Marzec A, Kisielow W. Mechanism of swelling and extraction and coal structure.
Fuel 1983;62(8):977e9.
Masoudian MS. Chemo-hydro-mechanical aspects of CO2 sequestration in deep coal
seams. PhD Thesis. Sydney: University of Sydney; 2013.
Masoudian MS, Airey DW, El-Zein A. An experimental investigation on mechanical
behaviour of CO2 saturated coal specimens. Australian Geomechanics Journal
2013a;48(4):197e202.
M.S. Masoudian / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 93e112 111Masoudian MS, Airey DW, El-Zein A. A chemo-poro-mechanical model for
sequestration of carbon dioxide in coalbeds. Geotechnique 2013b;63(3):235e
43.
Masoudian MS, Airey DW, El-Zein A. Experimental investigations on the effect of
CO2 on mechanics of coal. International Journal of Coal Geology 2014;128e129:
12e23.
Mazumder S, Wolf KH. Differential swelling and permeability change of coal in
response to CO2 injection for ECBM. International Journal of Coal Geology
2008;74(2):123e38.
Mazzotti M, Pini R, Storti G. Enhanced coalbed methane recovery. The Journal of
Supercritical Fluids 2009;47(3):619e27.
Medhurst TP, Brown ET. A study of the mechanical behaviour of coal for pillar
design. International Journal of Rock Mechanics and Mining Sciences
1998;35(8):1087e105.
Melnichenko YB, Radlinski AP, Mastalerz M, Cheng G, Rupp J. Characterization of
the CO2 ﬂuid adsorption in coal as a function of pressure using neutron scat-
tering techniques (SANS and USANS). International Journal of Coal Geology
2009;77(1e2):69e79.
Narasimhan KS, Mukherjee AK, Sengupta S, Singh SM, Alam MM. Coal bed methane
potential in India. Fuel 1998;77(15):1865e6.
Nishioka M. Investigation of coal structure. Technical Report. U.S. Department of
Energy; 1993.
Okubo S, Fukui K, Qi Q. Uniaxial compression and tension tests of anthracite and
loading rate dependence of peak strength. International Journal of Coal Geology
2006;68(3e4):196e204.
Olague NE, Smith DM. Diffusion of gases in American coals. Fuel 1989;68(11):
1381e7.
Ozdemir E. Chemistry of the adsorption of carbon dioxide by Argonne premium
coals and a model to simulate CO2 sequestration in coal seams. PhD Thesis.
University of Pittsburgh; 2004.
Ozdemir E. Modeling of coal bed methane (CBM) production and CO2 sequestration
in coal seams. International Journal of Coal Geology 2009;77(1e2):145e52.
Pachauri RK, Reisinger A. Contribution of working groups I, II and III to the fourth
assessment report of the Intergovernmental Panel on Climate Change. Geneva,
Switzerland: IPCC; 2005.
Palmer I, Mansoori J. How permeability depends on stress and pore pressure in
coalbeds: a new model. Denver, Colorado, USA: 1996 SPE Annual Technical
Conference and Exhibition; 1996.
Pan Z, Connell LD. A theoretical model for gas adsorption-induced coal swelling.
International Journal of Coal Geology 2007;69(4):243e52.
Pan Z, Connell LD. Comparison of adsorption models in reservoir simulation of
enhanced coalbed methane recovery and CO2 sequestration in coal. Interna-
tional Journal of Greenhouse Gas Control 2009;3(1):77e89.
Pan Z, Connell LD. Modelling permeability for coal reservoirs: a review of analytical
models and testing data. International Journal of Coal Geology 2012;92:1e44.
Pan J, Zhu H, Hou Q, Wang H, Wang S. Macromolecular and pore structures of
Chinese tectonically deformed coal studied by atomic force microscopy. Fuel
2015;139:94e101.
Parkash S, Chakrabartty SK. Microporosity in Alberta Plains coals. International
Journal of Coal Geology 1986;6(1):55e70.
Pashin JC. Coal as a petroleum source rock and reservoir rock. In: Suárez-Ruiz I,
Crelling JC, editors. Applied coal petrology: the role of petrology in coal utili-
zation. Academic Press; 2008. p. 227e62.
Peng S, Chen H, Yang R, Gao Y, Chen X. Factors facilitating or limiting the use of AVO
for coal-bed methane. Geophysics 2006;71(4):C49e56.
Pinetown KL, Faiz MM, Saghaﬁ A, Stalker L, VanHolst J. Coal seam gas distribution in
the Hunter coalﬁeld, Sydney basin. Sydney: PESA Eastern Australasian Basins
Symposium III; 2008. p. 399e402.
Pone JDN, Hile M, Halleck PM, Mathews JP. Three-dimensional carbon dioxide-
induced strain distribution within a conﬁned bituminous coal. International
Journal of Coal Geology 2009a;77(1e2):103e8.
Pone JDN, Hallecka PM, Mathews JP. Methane and carbon dioxide sorption and
transport rates in coal at in-situ conditions. Energy Procedia 2009b;1(1):
3121e8.
Prusty BK. Sorption of methane and CO2 for enhanced coalbed methane recovery
and carbon dioxide sequestration. Journal of Natural Gas Chemistry 2008;17(1):
29e38.
Radlinski AP, Mastalerz M, Hinde AL, Hainbuchner M, Rauch H, Baron M, Lin JS,
Fan L, Thiyagarajan P. Application of SAXS and SANS in evaluation of porosity,
pore size distribution and surface area of coal. International Journal of Coal
Geology 2004;59(3e4):245e71.
Radovic LR, Menon VC, Leon CA, Leon Y, Kyotani T, Danner RE, Anderson S,
Hatcher PG. On the porous structure of coals: evidence for an interconnected
but constricted micropore system and implications for coalbed methane re-
covery. Adsorption 1997;3(3):221e32.
Rand B. On the empirical nature of the DubinineRadushkevich equation of
adsorption. Journal of Colloid and Interface Science 1976;56(2):337e46.
Reeves SR. Geological sequestration of CO2 in deep, unmineable coalbeds: an in-
tegrated research and commercial-scale ﬁeld demonstration project. In: SPE
Annual Technical Conference and Exhibition; New Orleans, Louisiana, 2001.
Reeves SR, Taillefert A, Pekot L, Clarkson C. The Allison unit CO2-ECBM pilot: a
reservoir modeling study. Topic Report. U.S. Department of Energy; 2003.
Reucroft PJ, Patel H. Gas-induced swelling in coal. Fuel 1986;65(6):816e20.
Robertson EP. Economic analysis of carbon dioxide sequestration in Powder River
basin coal. International Journal of Coal Geology 2009;77(1e2):234e41.Robertson EP, Christiansen RL. Modeling permeability in coal using sorption-
induced strain data. Dallas, Texas: SPE Annual Technical Conference and Exhi-
bition; 2005.
Robertson JO, Chilingar GV, Khilyuk LF, Endres B. The environmental aspects of oil
and gas production subsidence. Energy Sources, Part A: Recovery, Utilization,
and Environmental Effects 2012;34(8):756e73.
Rutqvist J, Wu YS, Tsang CF, Bodvarsson G. A modeling approach for analysis of
coupled multiphase ﬂuid ﬂow, heat transfer, and deformation in fractured
porous rock. International Journal of Rock Mechanics and Mining Sciences
2002;39(4):429e42.
Saghaﬁ A, Faiz M, Roberts D. CO2 storage and gas diffusivity properties of coals from
Sydney basin, Australia. International Journal of Coal Geology 2007;70(1e3):
240e54.
Sakurovs R, Day S, Weir S, Duffy G. Application of a modiﬁed DubinineRadushke-
vich equation to adsorption of gases by coals under supercritical conditions.
Energy & Fuels 2007;21(2):992e7.
Schroeder K, Ozdemir E, Morsi B, Soylemezoglu IM. Sequestration of carbon dioxide
in coal seams. In: First National Conference on Carbon Sequestration. U.S.
Department of Energy; 2001.
Segura JM, Fisher QJ, Crook AJL, Dutko M, Yu J, Skachkov S, Angus DA, Verdon J,
Kendall M. Reservoir stress path characterization and its implications for ﬂuid-
ﬂow production simulations. Petroleum Geoscience 2011;17(4):335e44.
Sereshki F. Improving coal mine safety by identifying factors that inﬂuence the
sudden release of gases in outburst prone zones. PhD Thesis. University of
Wollongong; 2005.
Sheng Y, Benderev A, Bukolska D, Eshiet KI, da Gama CD, Gorka T, Green M,
Hristov N, Katsimpardi I, Kempka T, Kortenski J, Koukouzas N, Nakaten N,
Sarhosis V, Schlueter R, Torres VN, Veríssimo AC, Vesselinov V, Yang D. Inter-
disciplinary studies on the technical and economic feasibility of deep under-
ground coal gasiﬁcation with CO2 storage in Bulgaria. Mitigation and
Adaptation Strategies for Global Change 2015. http://dx.doi.org/10.1007/
s11027-014-9592-1.
Shi JQ, Durucan S. A bidisperse pore diffusion model for methane displacement
desorption in coal by CO2 injection. Fuel 2003;82(10):1219e29.
Shi JQ, Durucan S. A model for changes in coalbed permeability during primary and
enhanced methane recovery. SPE Reservoir Evaluation and Engineering 2005:
291e300.
Shimada S, Yamaguchi K. Economic assessment of enhanced coalbed methane re-
covery for low rank coal seam. Energy Procedia 2009;1(1):1699e704.
Shukla R, Ranjith P, Haque A, Choi X. A review of studies on CO2 sequestration and
caprock integrity. Fuel 2010;89(10):2651e64.
Siemons N, Busch A. Measurement and interpretation of supercritical CO2 sorption
on various coals. International Journal of Coal Geology 2007;69(4):229e42.
Smyth M, Buckley MJ. Statistical analysis of the microlithotype sequences in the
Bulli seam, Australia, and relevance to permeability for coal gas. International
Journal of Coal Geology 1993;22(3e4):167e87.
Soltanzadeh H, Hawkes CD, Sharma JS. Poroelastic model for production- and
injection-induced stresses in reservoirswith elastic properties different from the
surrounding rock. International Journal of Geomechanics 2007;7(5):353e61.
Spears DA, Caswell SA. Mineral matter in coals: cleat minerals and their origin in
some coals from the English Midlands. International Journal of Coal Geology
1986;6(2):107e25.
Speight JG. Handbook of coal analysis. John Wiley & Sons, Inc; 2005.
Stacy WO, Jones JC. The swelling and adsorption characteristics of Victorian brown
coals. Fuel 1986;65(8):1171e3.
Steadman EN, Anagnost KK, Botnen BW, Botnen LA, Daly DJ, Gorecki CD, Harju JA,
Jensen MD, Peck WD, Romuld L, Smith SA, Sorensen JA, Votava TJ. The Plains
CO2 Reduction (PCOR) partnership: developing carbon management options for
the central interior of North America. Energy Procedia 2011;4:6061e8.
Streit JE, Hillis RR. Estimating fault stability and sustainable ﬂuid pressures for
underground storage of CO2 in porous rock. Energy 2004;29(9e10):1445e56.
Su X, Feng Y, Chen J, Pan J. The characteristics and origins of cleat in coal from
Western North China. International Journal of Coal Geology 2001;47(1):51e62.
Szwilski AB. Determination of the anisotropic elastic moduli of coal. International
Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts
1984;21(1):3e12.
Szwilski AB. Relation between the structural and physical properties of coal. Mining
Science and Technology 1985;2(3):181e9.
Thararoop P, Karpyn ZT, Ertekin T. Development of a multi-mechanistic, dual-
porosity, dual-permeability, numerical ﬂow model for coalbed methane reser-
voirs. Journal of Natural Gas Science and Engineering 2012;8:121e31.
U.S. Energy Information Administration (EIA). U.S. crude oil, natural gas, and natural
gas liquids proved reserves, 2010. Washington, D.C.: EIA; 2012.
van Bergen F, Pagnier H, Krzystolik P. Field experiment of enhanced coalbed
methane-CO2 in the upper Silesian basin of Poland. Environmental Geosciences
2006;13(3):201e24.
van Bergen F, Spiers C, Floor G, Bots P. Strain development in unconﬁned coals
exposed to CO2, CH4 and Ar: effect of moisture. International Journal of Coal
Geology 2009;77(1e2):43e53.
van Bergen F, Hol S, Spiers C. Stressestrain response of pre-compacted granular coal
samples exposed to CO2, CH4, He and Ar. International Journal of Coal Geology
2011;86(2e3):241e53.
van Genuchten MT. A closed-form equation for predicting the hydraulic conduc-
tivity of unsaturated soils. Soil Science Society of America Journal 1980;44(5):
892e8.
M.S. Masoudian / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 93e112112van Krevelen D. Coal: typology-physics-chemistry-constitution. 3rd ed. Amster-
dam: Elsevier; 1993.
Viete DR, Ranjith PG. The effect of CO2 on the geomechanical and permeability
behaviour of brown coal: Implications for coal seam CO2 sequestration. Inter-
national Journal of Coal Geology 2006;66(3):204e16.
Vishal V, Ranjith PG, Singh TN. An experimental investigation on behaviour of coal
under ﬂuid saturation, using acoustic emission. Journal of Natural Gas Science
and Engineering 2015;22:428e36.
Walker PL, Verma SK, Rivera-Utrilla J, Khan MR. A direct measurement of expansion
in coals and macerals induced by carbon dioxide and methanol. Fuel
1988;67(5):719e26.
Wang JA, Park HD. Fluid permeability of sedimentary rocks in a complete stresse
strain process. Engineering Geology 2002;63(3e4):291e300.
Wang FY, Zhu ZH, Rudolph V. Diffusion through ordered force ﬁelds in nanopores
represented by Smoluchowski equation. AIChE Journal 2009;55(6):1325e37.
Wang GX, Zhang X, Wei X, Fu X, Jiang B, Qin Y. A review on transport of coal seam
gas and its impact on coalbed methane recovery. Frontiers of Chemical Science
and Engineering 2011;5(2):139e61.
Wang S, Elsworth D, Liu J. Mechanical behavior of methane inﬁltrated coal: the roles
of gas desorption, stress level and loading rate. Rock Mechanics and Rock En-
gineering 2013a;46(5):945e58.
Wang S, Elsworth D, Liu J. Permeability evolution during progressive deformation of
intact coal and implications for instability in underground coal seams. Inter-
national Journal of Rock Mechanics and Mining Sciences 2013b;58:34e45.
Wang Q, Zhang D, Wang H, Jiang W, Wu X, Yang J, Huo P. Inﬂuence of CO2
exposure on high-pressure methane and CO2 adsorption on various rank
coals: implications for CO2 sequestration in coal seams. Energy and Fuels
2015;29(6):3785e95.
Ward CR, Suárez-Ruiz I. Introduction to applied coal petrology. In: Suárez-Ruiz I,
Crelling JC, editors. Applied coal petrology: the role of petrology in coal utili-
zation. Acadmic Press; 2008.
Warren JE, Root PJ. The behaviour of naturally fractured reservoirs. SPE Journal
1963;3:245e55.
Webb SW. Gas transport mechanisms. In: Ho CK, Webb SW, editors. Gas transport in
porous media. Dordrecht: Springer; 2006. p. 5e26.
Wei Z, Zhang D. Coupled ﬂuid-ﬂow and geomechanics for triple-porosity/dual-
permeability modeling of coalbed methane recovery. International Journal of
Rock Mechanics and Mining Sciences 2010;47(8):1242e53.
Wei XR, Wang GX, Massarotto P, Golding SD, Rudolph V. A review on recent ad-
vances in the numerical simulation for coalbed methane recovery process. In:
SPE Asia Paciﬁc Oil and Gas Conference and Exhibition. SPE; 2005.
Weishauptová Z, Pribyl O, Sýkorová I, Machovic V. Effect of bituminous coal
properties on carbon dioxide and methane high pressure sorption. Fuel
2015;139:115e24.
White CM, Smith DH, Jones KL, Goodman AL, Jikich SA, LaCount RB, DuBose SB,
Ozdemir E, Morsi BI, Schroeder KT. Sequestration of carbon dioxide in coal with
enhanced coalbed methane recovery: a review. Energy & Fuels 2005;19(3):
659e724.
Wong S, Law D, Deng X, Robinson J, Kadatz B, Gunter WD, Jianping Y, Feng S, Fan Z.
Enhanced coalbed methane and CO2 storage in anthracitic coals-micro-pilottest at South Qinshui, Shanxi, China. International Journal of Greenhouse Gas
Control 2007;1(2):215e22.
Yalcin E, Durucan S. Methane capacities of Zonguldak coals and the factors affecting
methane adsorption. Mining Science and Technology 1991;13(2):215e22.
Yamaguchi S, Ohga K, Fujioka M, Nako M. Field test and history matching of the CO2
sequestration project in coal seams in Japan. International Journal of Society of
Material Engineering Resources 2006;13(2):64e9.
Yamazaki T, Aso K, Chinju J. Japanese potential of CO2 sequestration in coal seams.
Applied Energy 2006;83(9):911e20.
Yang RT, Saunders JT. Adsorption of gases on coals and heat treated coals at elevated
temperature and pressure: 1. Adsorption from hydrogen and methane as single
gases. Fuel 1985;64(5):616e20.
Yang W, Qu C, Yu C. Crustal Poisson’s ratio anomalies in the eastern part of North
China and their origins. Geoscience Frontiers 2011;2(3):313e21.
Yao Y, Liu D, Tang D, Tang S, Che Y, Huang W. Preliminary evaluation of the coalbed
methane production potential and its geological controls in the Weibei Coal-
ﬁeld, Southeastern Ordos Basin, China. International Journal of Coal Geology
2009;78(1):1e15.
Yao Y, Liu D, Xie S. Quantitative characterization of methane adsorption on coal
using a low-ﬁeld NMR relaxation method. International Journal of Coal Geology
2014;131:32e40.
Yu H, Zhou L, Guo W, Cheng J, Hu Q. Predictions of the adsorption equilibrium of
methane/carbon dioxide binary gas on coals using Langmuir and ideal adsorbed
solution theory under feed gas conditions. International Journal of Coal Geology
2008;73(2):115e29.
Zhang Q. Adsorption mechanism of different coal ranks under variable temperature
and pressure conditions. Journal of China University of Mining & Technology
2008;18(3):395e400.
Zhang L, Yan X, Yang X, Tian Z, Yang H. An elastoplastic model of collapse pressure
for deep coal seam drilling based on HoekeBrown criterion related to drilling
ﬂuid loss to reservoir. Journal of Petroleum Science and Engineering 2015.
http://dx.doi.org/10.1016/j.petrol.2015.07.003.
Dr. Mohsen Masoudian is an expert in coupled thermo-
chemo-hydro-mechanical processes in geomaterials, and
has worked on a range of projects within Mining, Oil &
Gas, and Infrastructure sectors. He has been involved in
ﬁeld, experimental, analytical, and numerical studies of
chemical/hydraulic/mechanical behaviours of rock and
soil in CO2 sequestration, oil and gas storage in excavated
caverns, tunnelling, landﬁll liner design, gas hydrate dril-
ling, etc. Mohsen has completed his PhD at School of Civil
Engineering, The University of Sydney, working on coupled
chemo-hydro-mechanical aspects of CO2 storage in deep
coal seams, for which he won multiple awards from
Australian Geomechanics Society and The University of
Sydney. He has also completed a Bachelor of Mining Engi-neering & Rock Mechanics at Bahonar University of Kerman, Iran, and a Master of Pe-
troleum Engineering at Curtin University of Technology, Australia.
